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Abstract: 
"HYDROGEOLOGICAL INVESTIGATIONS i n a GRANITE 
CATCHMENT, DAHTMOOR, DEVON". Jean Alexander 
I A network of 13 observation wells were u t i l i z e d i n the Narrator Brook 
i Catchment, Dartmoor, Devon, to monitor groundwater l e v e l f l u c t u a t i o n s , 
i n an attempt to assess the water resource p o t e n t i a l of a weathered g r a n i t e 
aquifer. Meteorological parameters, s o i l moisture data and reservoir 
A^' levels together w i t h waterlevel observations were used i n a stepwise regres-
sion model with a view to p r e d i c t and account f o r the behaviour of ground-
water levels i n weathered granite areas. 
Variations i n groundwater and surface water chemistry were used as 
a basis f o r the hydrogeological grouping of the wells i n the v a l l e y , whose 
in d i v i d u a l c h a r a t e r i s t i c s were determined by s i t e topography, l i t h o l o g y and 
slope p o s i t i o n . Spring and r i v e r discharges were recorded and t h e i r 
recession c h a r a c t e r i s t i c s determined. I n a t y p i c a l year approximately 7J^ 
of t o t a l discharge i n the Narrator Brook channel i s derived from groundwater, 
• ^  and 32% of the e f f e c t i v e r a i n f a l l on the catchment fi n d s i t s way i n t o the 
J stream channel. The p o t e n t i a l storage Rapacity of the weathered granite 
v a l l e y aquifer was estimated as 570x lOr m3 and an average value of 
(A 557 X id?. m3 per year was calculated f o r p o t e n t i a l recharge. 
Igneous bedrocks are not us\ially considered to make s i g n i f i c a n t groxind-
water contributions to r i v e r f l o w , but Dartmoor i n general, and the Narrator 
Brook Catchment i n p a r t i c u l a r , have extensive deposits of weathered granite 
i n s i t u overlain by p e r i g l a c i a l deposits and r i v e r alluvium. These materials 
enhance the waterbearing properties of a granite based catchment, and 
combine to provide small isolated but s i g n i f i c a n t v a l l e y aquifers. 
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Chapter 1 
Introduction to Groundwater Studies i n Granite Areas 
1:1 Introduction 
This i n v e s t i g a t i o n i s concerned w i t h an evaluation of the 
hydrogeological characteristics of a small granite-based catchment 
area situated i n South West England. Figure 1:1 i l l u s t r a t e s the 
location of the Narrator Brook experimental catchment area on the 
southwest fringes of Dartmoor, Devon* 
As a re s u l t of the annual i n f l u x of t o u r i s t s there are large 
seasonal and peak demands on the regional water supply. Over much of 
Cornwall and Devon the means of meeting such extra demands have been 
by the construction of impounding reservoirs. As described i n Chapter 
2, many granite-based catchments contain considerable depths of 
unconsolidated materials, including granite i n various states of 
decomposition, weathering products and s o l l f l u c t l o n deposits. The 
p o t e n t i a l for water resource development i n these materials has not 
been f u l l y investigated, since surface water supplies have received 
most of the a t t e n t i o n i n south west England, 
The physiography of south west England, (Cornwall, Devon and the 
S c i l l y I s l e s ) and more s p e c i f i c a l l y Devon, i s such that there I s an 
uneven d i s t r i b u t i o n of r a i n f a l l over the area. The increased 
cloudiness, humidity and r a i n f a l l lead to an average summer surplus of 
the water budget of 75 mm over Dartmoor, but an average d e f i c i t of 
75 mm i n the lowlands, (Brunsden and Gerrard 1977). As pointed out by 
these authors, when the need f o r i r r i g a t i o n and the heavy use of water 
by the coastal resorts i s considered i n the l i g h t of these figures, 
then the need to use the upland water catchments of Dartmoor for 
reservoirs becomes very apparent. 
Based on the above c i t e d surplus and d e f i c i t s and the use of 
upland catchments for water supply, then s i m i l a r l y the weathered 
granite catchments on Dartmoor may also be p o t e n t i a l l y useful i n 
groundwater supply terms, and require assessment. The basic c l i m a t i c 
and hydrological data support the case f o r judicious planning of the 
water resources of Dartmoor to include both reservoir s i t e s and 
groundwater development* 
FIGURE 1 : 1 
SOUTH W E S T ENGLAND 
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Proposed reservoirs on Dartmoor have a h i s t o r y fraught with 
strong public opposition, despite the fact that new water supplies are 
essential to the population i n h a b i t i n g the surrounding areas. In such 
environments where available land at hydrologically s u i t a b l e si t e s are 
designated 'prime a g r i c u l t u r a l land*, 'areas of outstanding natural 
beauty' and 'National Park', the opportunities to provide the much 
needed increment to the water supply network, are not forthcoming. 
Against t h i s unpromising background isolated investigations i n t o 
p o t e n t i a l groundwater resources have commenced which are dealt with 
more s p e c i f i c a l l y i n Sections 1:2:3 and 1:3:2. 
This research project has been prompted by a s p e c i f i c need i n 
t h i s region to f i n d a l t e r n a t i v e public water supplies, without 
recourse to the construction of reservoirs. The Narrator Brook Valley 
Catchment, ( w i t h i n the National Park) i s a major source of water 
supply to Burrator Reservoir, which supplies Plymouth and i t s 
environs. As such i t seemed a suitable point from which to begin a 
groundwater investigation i n a granite area. In addition t h i s 
drainage basin has been instrumented since 1974, and a v a r i e t y of 
records are available for Headwelr (the gauging s t a t i o n monitoring 
flow i n t o Burrator Reservoir) and Burrator Reservoir, (Figure 1:2), 
providing valuable background information on streamflow. 
Since t h i s Investigation i s approached from a water resources 
viewpoint, b r i e f mention i s given to the present d i s t r i b u t i o n of 
sources of public water supply i n south west England. Further 
emphasis i s given to the importance of the major sedimentary aquifers 
i n t h i s country f o r public water supplies, and the numerous 
investigations which have subsequently led to an increased knowledge 
of t h e i r hydrogeological c h a r a c t e r i s t i c s . By comparison l i t t l e work 
has been carried out on aquifers of weathered c r y s t a l l i n e rocks, and 
hence the resultant paucity of hydrogeological knowledge of such 
aquifers* Recent developments on small localised sources i n the form 
of " a l l u v i a l aquifers" and t h e i r hydrogeological properties are 
highlighted i n t h i s introductory Chapter, since they may w e l l have 
common properties with weathered granite aquifers. 
Relevant l i t e r a t u r e on the occurrence of groundwater I n 
c r y s t a l l i n e rocks (the majority of which are granites unless otherwise 
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FIGURE 1:2 BURRATOR RESERVOIR AND THE NARRATOR BROOK 
specified) i s reviewed, along w i t h some Isolated cases of water 
resource development i n granite regions. Other s i g n i f i c a n t 
Investigations i n granite t e r r a i n s are discussed as they p a r t i c u l a r l y 
h i g h l i g h t one of the alms of t h i s p r o j e c t , that of assessing the 
p o t e n t i a l use of weathered zones i n granite as localised aquifers. By 
way of an introduction some standard hydrogeological d e f i n i t i o n s are 
out l i n e d , and at a l a t e r stage re-assessed i n the context of weathered 
granite aquifers. 
1:1:1 Properties of Aquifers 
Most rocks and sediments contain numerous open spaces or 
i n t e r s t i c e s i n which water may be stored and through which i t can 
move. Water that exists I n the i n t e r s t i c e s of rocks and s o i l s i s 
called subsurface water, Meinzer (1959), and that part of subsurface 
water i n I n t e r s t i c e s completely saturated with water i s groundwater. 
According to Bouwer (1978) groundwater i s that portion of the water 
beneath the surface of the earth that can be collected w i t h wells, 
tunnels or drainage g a l l e r i e s , or that flows n a t u r a l l y to the earth's 
surface via seeps or springs. 
An aquifer i s defined as a saturated bed, formation, or group of 
formations which y i e l d water i n s u f f i c i e n t quantity to be of 
consequence as a source of supply, (Walton 1970). The most Important 
requirement i s that the stratum must have Interconnected openings 
through which water can move. Porosity of a material i s the 
percentage of the t o t a l volume of the material that i s occupied by 
pores or i n t e r s t i c e s . These pores may be f i l l e d with water i f the 
material i s saturated, or with a i r and water i f i t i s unsaturated. 
Porosity i s an index of how much water can be stored i n saturated 
materials. Other aquifer parameters such as s p e c i f i c y i e l d , 
s t o r a t l v i t y , transmissivity and permeability are defined i n Chapter 
6. 
An aquifer performs two Important functions; a storage function 
and a conduit function. The pores i n a water-bearing formation serve 
both as storage spaces and as a network of conduits. By contrast an 
aquifuge i s a formation which has no Interconnected openings and hence 
cannot absorb or transmit water, (Linsley e£ a l . 1949). According to 
Todd (1959) s o l i d granite belongs i n the category of an aquifuge. An 
aqultard, as defined by Bouwer (1978) may contain large volumes of 
water but does not permit i t s movements at rates s u f f i c i e n t l y large 
fo r economical development. The nature of each aquifer depends on the 
material of which i t i s composed, i t s o r i g i n , the r e l a t i o n s h i p of the 
constituent p a r t i c l e s and associated pores, and i t s r e l a t i v e position 
i n the earth's surface, i n conjunction with i t s exposure to a recharge 
source. 
By f a r the most common aquifer materials are the sedimentary 
rocks, as i l l u s t r a t e d i n Table 1.1 which provide the maj o r i t y of 
groundwater supplies i n t h i s country. Sandstones, unconsolidated 
sands and gravels which occur i n a l l u v i a l v a l l e y s , coastal p l a i n 
deposits and g l a c i a l materials are common aquifer materials. 
Cavernous limestones with s o l u t i o n channels, caves, underground 
streams and other karst developments can also be high-yielding 
aquifers (Legrand and S t r l n g f i e l d 1973). Other sedimentary rocks such 
as shales, and massive limestones do not generally make good aquifers, 
although small water yields may be possible where these rocks are 
highly fractured and weathered. The same i s true f o r g r a n i t e s , 
gneisses and other c r y s t a l l i n e or metamorphlc rocks, (Bouwer 1978). 
Most aquifers are of large areal extent and may be visualised as 
underground storage reservoirs (Todd 1959). Water enters a reservoir 
from natural or a r t i f i c i a l recharge; i t flows out under the action of 
g r a v i t y , or Is extracted by wells. O r d i n a r i l y , the annual volume of 
water removed or replaced represents only a small f r a c t i o n of the 
t o t a l storage capacity. Aquifers may be classed as unconfined or 
confined depending upon the presence or absence of a water table. 
An unconflned aquifer i s one i n which groundwater possesses a 
free surface open to the atmosphere. Such an aquifer i s often 
referred to as being under water-table conditions. Water i n f i l t r a t i n g 
I nto the ground surface i n f i l t r a t e s downwards through a i r - f i l l e d 
i n t e r s t i c e s of the material above the saturated zone and j o i n s the 
groundwater body. The water table represents the surface along which 
the hydrostatic pressure Is equal to the atmospheric pressure. In the 
unconflned case there i s no r e s t r i c t i n g material above the saturated 
zone so the groundwater l e v e l , the water table, i s free to r i s e and 
f a l l . 
A confined aquifer i s one i n which groundwater i s confined under 
pressure, by overlying r e l a t i v e l y impermeable s t r a t a . When such 
6 -
aquifers are penetrated by wells, water w i l l r i s e above the bottom of 
the overlying confining bed to an elevation at which i t i s i n balance 
with the atmospheric pressure* This pressure condition i n a confined 
aquifer i s known as the potentiometric or piezometric surface* 
These potentiometric surfaces are produced on maps as continuous 
lines obtained by connecting eq u i l i b r i u m water levels i n wells 
penetrating the confined aquifer. Groundwater contours, so produced 
are a c t u a l l y a map of the hydraulic head i n the aquifer. Force 
po t e n t i a l causing groundwater flow i s d i r e c t l y proportional to the 
elevation of the water levels i n confined and unconflned aquifers* 
Potentiometric maps are best suited to describe water levels 
representative of a single flow system w i t h i n an aquifer. 
Beds of clay, s i l t or other materials w i t h r e l a t i v e l y lower 
permeabilities than the surrounding aquifer material, may be present 
I n some areas above the regional water tabl e . Downward percolating 
water may be Intercepted and a saturated zone of l i m i t e d areal extent 
i s formed* This results i n a perched aquifer w i t h a localised 
'perched' water table. Depending on c l i m a t i c conditions, or overlying 
land use, a perched water table may be a permanent phenomenon, or may 
persist on a seasonal basis only* 
1:1:2 A review of Aquifer Materials i n the UK 
The importance of an aquifer depends on a large number of 
geological c h a r a c t e r i s t i c s . The texture of a rock determines 
e f f e c t i v e porosity and permeability, which I n turn control the upper 
l i m i t of groundwater storage and the ease with which the water can 
flow through the formation. Unconsolidated sediments of uniform size 
generally provide the highest yields per u n i t volume of rock, but i n 
practice, other factors such as the thickness of the aquifer, 
structure, areal extent and annual recharge rate become dominant. 
This i s true i n the UK where the sedimentary rocks provide the main 
water-bearing s t r a t a for public supplies* Table 1:1 i l l u s t r a t e s the 
major physical characteristics of the chief aquifers i n t h i s country* 
The most important aquifer i s that formed by the large deposits 
of chalk stretching south of a l i n e between Weymouth and the Wash, 
plus parts of east Yorkshire and Lincolnshire* The chalk supplies 40% 
of the groundwater abstracted f o r public supplies, w i t h an outcrop of 
12,950 km2 and another 18,000 km^ below the surface (Kirby 1979)* 
Table 1:1 Aquifers Flow Types, Thicknesses and Yields i n the UK ( a f t e r Jones, 1977) 
Rank Aquifers L i t h o l o g y Dominant Flow Max. Thickness T y p i c a l Y i e l d 
Pattern (metres) (1/sec) 
MAJOR Cretaceous: Chalk s o f t 1 s t . I/F 500 150 
T r i a s s l c : Bunter sst.mst. I/F 600 100 
Sandstone 
Carboniferous: Coal Measures s s t . F 2000 -
INTERMEDIATE Recent : S u p e r f i c i a l Deposits sands, gravels I 10 — 
Cretaceous: Lower Greensand s o f t s s t . I 250 50 
Jurassic : I n f e r i o r O o l i t e 1st. s s t . F 200 50 
T r i a s s i c : Keuper Sandstone s s t . I/F 300 100 
Permian : Magnesium Limestone 1st. F 250 50 
Carboniferous: Limestone hard 1 s t . F 1000 150 
MINOR Pliocene/Pleistocene : Crag sands I 50 10 
T e r t i a r y : Lower London Clay sand, s i l t s I 50 25 
Cretaceous: Upper Greensand s s t . I 50 25 
Cretaceous: Wealden Sands sands I 50 25 
Jurassic : Great O o l i t e 1st. F 50 50 
Jurassic : Lias s s t . I/F 50 25 
Carboniferous : Culm Measures ) 
Devonian : Old Red Sandstone ) these s t r a t a alsc ) provide small ' f i e l d s from borehc ties and springs 
Lower Palazoic ) 1 1 
KEY: I « i n t e r s t i t i a l f l o w 
F = f i s s u r e / f r a c t u r e f l ow 
1 s t . = limestones 
s s t . = sandstones 
mst. = mudstones 
Thicknesses vary from 90-500 m, and although I t i s a very f i n e - g r a i n e d 
s o f t limestone o f low p e r m e a b i l i t y , as a b u l k f o r m a t i o n I n the f i e l d 
I t may have a p e r m e a b i l i t y as much as a m i l l i o n times g r e a t e r than 
l o c a l l y measured p e r m e a b i l i t y (Ineson 1962). This I s due t o e x t e n s i v e 
f i s s u r e systems developed i n the chalk mass* Chalk e x h i b i t s 
c h a r a c t e r i s t i c l a r g e - s c a l e seasonal f l u c t u a t i o n s i n water l e v e l s 
(Headworth 1972). 
The Bunter and Keuper sandstones are the o t h e r major a q u i f e r -
system i n the UK p r o v i d i n g 25% of the a b s t r a c t e d groundwater i n t h i s 
c ountry. Thicknesses vary from 12-350 m i n the Nottinghamshire area, 
Alexander (1977), w i t h a maximum thic k n e s s f o r the Bunter a q u i f e r o f 
600 m, (Jones 1977). T o t a l outcrop area i s 4,532 km^ w i t h another 
3,237 km^ under more recent d e p o s i t s , (Smith 1982). These coarse 
sandstones o b t a i n t h e i r g r e a t e s t development i n the Midlands but 
extend from Cumberland through to the South West. They p r o v i d e l a r g e 
y i e l d s , t y p i c a l l y i n the range o f 100 1 minute"^, (Table 1:1), 
e s p e c i a l l y i n the Bunter Pebble Beds, and are c h a r a c t e r i s e d by a wide 
range i n g r a i n s i z e and i n the shape of I n d i v i d u a l g r a i n s , ( S h e r r e l l 
1970). Their h i g h p e r m e a b i l i t y gives r i s e t o o n l y small f l u c t u a t i o n s 
i n r e s t water l e v e l s (Land 1966). 
The importance of these two a q u i f e r s i n t h i s c o u n t r y can be 
a t t r i b u t e d t o t h e i r l a r g e outcrop area r a t h e r than t o t h e i r I n t r i n s i c 
q u a l i t i e s of p o r o s i t y and p e r m e a b i l i t y (Smith 1972). Table 1:2 
provides a summary of some o f the l i t e r a t u r e a v a i l a b l e on the 
h y r o g e o l o g i c a l p r o p e r t i e s o f the major and minor a q u i f e r s i n the UK. 
The amount of l i t e r a t u r e a v a i l a b l e on groundwater i n v e s t i g a t i o n s 
c a r r i e d out on the Chalk and Bunter a q u i f e r s emphasises the importance 
of both these systems t o water s u p p l i e s I n t h i s c o u n t r y . More 
r e s t r i c t e d a q u i f e r s , such as the J u r a s s i c l i m e s t o n e s , and sandstones 
I n the Coal Measures may enjoy some l o c a l s i g n i f i c a n c e . 
1:1:3 Unconsolidated A q u i f e r s 
I t i s o n l y i n recent years, w i t h i n c r e a s i n g l o c a l i s e d water 
shortages coupled w i t h I n c r e a s i n g p r o d u c t i o n and d i s t r i b u t i o n c o s t s , 
t h a t water resources i n unconsolidated m a t e r i a l s and s u p e r f i c i a l 
deposits have been under i n v e s t i g a t i o n w i t h a view t o t h e i r 
development as potable water s u p p l i e s . Such i n v e s t i g a t i o n s , i n 
a d d i t i o n t o t h i s c u r r e n t assessment of the p o t e n t i a l of weathered 
g r a n i t e a q u i f e r s , may help t o redress the balance, and s h i f t the 
emphasis away from the r e g i o n a l - s c a l e a q u i f e r s t o the more l o c a l i s e d 
but s t i l l p o t e n t i a l l y u s e f u l a q u i f e r s . 
Table 1:2 Sumary of Some of the Rjdrogeological Uterature Available on 
^fejor and MLnor Aquifers i n the UK 
Type of 
Investigation 
Aquifer and Authors 
Chalk Bunter Others 
General 
h>drogeology 
and physical 
properties 
Ineson (1962) 
fbster and >fLlton 
(1974) (1976) 
Land (1966) 
Bowet.al. (1970) 
millams et a l . 
(1971) 
Sage and Lloyd 
(1978) 
Ineson (1967) -
Goal r-feasures 
Downiiig and 
MmianB (1969) 
Jurassic l£ts. 
ThpplT (1971) -
days 
CMrney (1972) 
tfegnesiun Lime-
stones 
Trafford and 
Rycroft (1973) -
clays 
ALdrick (1978) -
(fagnesiun Lime-
stones 
Water level 
fluctuations 
Halton (1954) 
Headjorth (1972) 
(1978) 
Recharge and 
i n f i l t r a t i o n 
capacity 
Ineson and 
Dawning (1965) 
Ednunds et a l . 
(1976) 
Sherrell (1970) 
Kitchlng (1974) 
Oonnorton and 
Vieed (1978) 
Punp tests Ineson (1952) 
(1959) 
Flow type Beeves et a l . 
(1975) 
Crock and ttouell 
(1970) 
Saline 
intrusion 
Foster et a l . 
(1976) 
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As a r e s u l t of recent (1973) a d m i n i s t r a t i v e changes I n the water 
I n d u s t r y , there has been a tendency f o r a t t e n t i o n t o be concentrated 
on the development of very l a r g e water resource p r o j e c t s . These serve 
r e g i o n a l schemes which cover e x t e n s i v e p a r t s o f a r e g i o n a l water 
a u t h o r i t y area. Such major schemes are u s e f u l I n t h a t t h e i r 
implementation encourages the c o n s t r u c t i o n of e x t e n s i v e supply 
networks f o r the d i s t r i b u t i o n o f water from major sources, and r e s u l t s 
I n an improved q u a l i t y and r e l i a b i l i t y of s u p p l i e s throughout the 
c o u n t r y . 
There p e r s i s t s a few disadvantages i n these major schemes which 
warrant a t t e n t i o n here and e x h i b i t the need f o r f u t u r e development of 
small l o c a l water resources i n v a l l e y g r a v e l s , weathered horizons and 
other s i m i l a r s u p e r f i c i a l m a t e r i a l s . A h i g h element of c a p i t a l cost 
i s e n t a i l e d i n meeting peak demands i n any r e g i o n . Seasonal, d i u r n a l 
and emergency peaks must have p r o v i s i o n made f o r them i n the c a p a c i t y 
of a l l c a p i t a l works b u i l t f o r a l a r g e water supply scheme. As a 
r e s u l t of these peaks, works are used to f u l l c a p a c i t y o n l y f o r v e r y 
s h o r t p e r i o d s , and the u n i t costs of water are c o r r e s p o n d i n g l y h i g h . 
To deal e f f e c t i v e l y and economically w i t h longer peak demands such as 
those caused by tourism and droughts, J e f f c o a t e (1977) suggested i t 
may be p o s s i b l e to I n c o r p o r a t e a small l o c a l source, which, operated 
a l o n e , would not be regarded as economic. 
Where a l o c a l source can be developed and maintained w i t h o u t 
associated high costs o f attendance out o f p r o p o r t i o n t o the q u a n t i t y 
of water obtained, they may prove i n v a l u a b l e i n meeting peak demands 
and reducing a high d i s t r i b u t i o n network c o s t . Such sources may be 
a v a i l a b l e i n s u p e r f i c i a l d e p o s i t s ( d e t r i t a l m a t e r i a l t r a n s p o r t e d and 
deposited by a r i v e r , commonly sands), g r a v e l s w i t h some s i l t s and 
c l a y s ; weathered m a t e r i a l ( t r a n s p o r t e d by g r a v i t y such as t a l u s , 
scree and s o l l f l u c t i o n d e p o s i t s ) ; and horizons o f weathered rock 
i n s i t u . 
Sand and g r a v e l d e p o s i t s c o n t a i n i n g usable groundwater are found 
i n many p a r t s of England and Wales, as i l l u s t r a t e d i n f i g u r e 1:3 a f t e r 
J e f f c o a t e (1977). Most are o f g l a c i a l o r i g i n , mainly outwash de p o s i t s 
from i c e sheets but a l s o f l o o d - p l a i n d e p o s i t s and t e r r a c e s formed by 
r i v e r a c t i o n . I t i s not always easy t o d i s t i n g u i s h between the 
v a r i o u s types, but since most of the usable water i s contained w i t h i n 
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FIGURE 1:3 
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sand and g r a v e l deposits d i r e c t l y a s s o c i a t e d w i t h e x i s t i n g r i v e r s , 
such horizons are termed " a l l u v i a l a q u i f e r s " by Monkhouse (1978). 
1:1:4 C h a r a c t e r i s t i c s of ' A l l u v i a l A q u i f e r s * . 
The p r i n c i p a l f u n c t i o n s o f an a q u i f e r are t o s t o r e and t r a n s m i t 
groundwater, and i t s a b i l i t y t o do so can be q u a n t i t a t i v e l y assessed 
by c o n s i d e r i n g the p r o p e r t i e s o f the m a t e r i a l , p a r t i c u l a r l y those 
r e l a t i n g t o storage p o t e n t i a l and t r a n s m i s s i v i t y . The a l l u v i a l 
d e p o s i t s i n c l u d e more recent a l l u v i u m composed o f s i l t s , c l a y s and 
associated peats. Underneath and f l a n k i n g these m a t e r i a l s are 
f r e q u e n t l y t o be found l a y e r s o f sands and g r a v e l s deposited i n 
e a r l i e r periods when flow s and stream v e l o c i t i e s were g r e a t e r and the 
r i v e r beds were a t a higher l e v e l . 
These sands and g r a v e l s are v a r i a b l e i n q u a l i t y and 
c h a r a c t e r i s t i c s , the v a r i a t i o n s being c o n s i s t e n t i n both depth and 
area. According t o P r i c e and Foster (1974) r a p i d l a t e r a l v a r i a t i o n s 
and complex boundaries are c h a r a c t e r i s t i c of most v a l l e y f i l l 
d e p o s i t s . They are u s u a l l y deposited i n pronounced l e n t i c u l a r beds 
v a r y i n g from f i n e sands to g r a v e l s , cobbles and boulders, o n l y r a r e l y 
are s i l t s present. Such beds y i e l d water i n l a r g e enough q u a n t i t i e s 
f o r p u b l i c s u p p l i e s . Grannemann and Sharp (1979) noted t h a t l a r g e 
amounts o f groundwater are s t o r e d i n a l l u v i a l d e p o s i t s whose mean 
g r a i n s i z e and h y d r a u l i c c o n d u c t i v i t y both increase e x p o n e n t i a l l y w i t h 
depth. 
The a l l u v i a l d e p o s i t s , whatever t h e i r g e o l o g i c a l o r i g i n , have 
extremely v a r i a b l e h y d r o g e o l o g i c a l c h a r a c t e r i s t i c s . The c l a y s and 
organic d e p o s i t s are normally o f extremely low h y d r a u l i c c o n d u c t i v i t y , 
whereas the coarser g r a v e l d e p o s i t s are amongst the most permeable o f 
a l l g e o l o g i c a l f o r m a t i o n s . The h y d r a u l i c c o n d u c t i v i t y o f a l l u v i a l 
d e posits depends l a r g e l y upon the homogeneity of the g r a i n s i z e . Todd 
(1959) considered t h a t a clean, w e l l s o r t e d g r a v e l might have a 
h y d r a u l i c c o n d u c t i v i t y of as much as 10^ m day"^. Measured values i n 
England (N a y l o r 1974, Wilson 1975), i n I r e l a n d ( P r i c e and Foster 
1974) , and i n Wales (Welsh N a t i o n a l Water Development A u t h o r i t y 
1975) , are much l e s s than t h i s , being i n the range of 
5 t o 1500 m day"^ w i t h a mean of 350 m day"^. These r e l a t i v e l y low 
values are probably due to the presence o f s i l t , c l a y and f i n e sands 
w i t h i n the g r a v e l . With a maximum thickness of the order o f 10 m, 
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t h i s g ives t r a n s m l s s l v i t i e s of 50-15000 m^  day"^, w i t h a mean of about 
3500 m2 day-^. 
These d i f f e r e n c e s occur i n c l o s e p r o x i m i t y w i t h the r e s u l t t h a t 
water resource e v a l u a t i o n o f the f o r m a t i o n , based on the assumed 
homogeneity of the a q u i f e r i s r a r e l y r e l i a b l e . An a q u i f e r i s normally 
thought o f as a r e s e r v o i r c o l l e c t i n g water which i n f i l t r a t e s d i r e c t l y 
from r a i n f a l l i n g on the exposed o u t c r o p , though i t may a l s o r e c e i v e 
c o n t r i b u t i o n s by seepage from o t h e r a q u i f e r s or surface f l o w . 
A l l u v i a l d e p o s i t s , w h i l e complying w i t h the above d e s c r i p t i o n , may 
also r e c e i v e replenishment by s u r f a c e water from a r i v e r system or by 
i n t e r c e p t i o n o f s p r i n g flows and seepage from adjacent f o r m a t i o n s . 
Because of numerous sources of replenishment the p o t e n t i a l o f a l l u v i a l 
a q u i f e r s cannot be assessed i n the normal way by c a l c u l a t i o n s o f 
replenishment from the area of exposed f o r m a t i o n and the estimated 
i n f i l t r a t i o n as i s done f o r the deep a q u i f e r s . I n g e n e r a l , a l l u v i a l 
a q u i f e r s provide r e l a t i v e l y small s u p p l i e s due t o t h e i r l i m i t e d 
t h i c k n e s s and e x t e n t . Wilson (1975) noted t h a t as a p r o p o r t i o n o f 
t o t a l a b s t r a c t i o n from p r i n c i p a l a q u i f e r groups only 2.2% was obtained 
from s u p e r f i c i a l d e p o s i t s , i n c l u d i n g g r a v e l s . 
G l a c i a l and f l u r i o - g l a c i a l m a t e r i a l are present i n v a l l e y s i n 
some p a r t s of the UK. Such mixt u r e s o f v a l l e y i n f i l l m a t e r i a l may be 
d i f f i c u l t t o d i f f e r e n t i a t e . H y d r o g e o l o g i c a l l y they may be Inseparable 
from the a l l u v l a l s , but because o f t h e i r f i n e s i l t c o n t e n t , the 
p e r m e a b i l i t y of g l a c i a l deposits i s much lower and they are r a r e l y o f 
value as an a q u i f e r themselves. The presence of c l a y and s i l t s 
reduces both the storage volume and the a b i l i t y of a f o r m a t i o n t o 
t r a n s m i t water. 
1:1:5 Development o f A l l u v i a l A q u i f e r s 
Where a major water supply scheme i s proposed, i t r e q u i r e s 
c a r e f u l long-term planning and a s u i t a b l e f i n a n c i a l c l i m a t e . When 
expenditure on p u b l i c works i s r e s t r i c t e d , any major scheme may be 
d e f e r r e d even though water shortages r e s u l t . I n a d d i t i o n t o an 
u n s u i t a b l e f i n a n c i a l c l i m a t e , p u b l i c o p i n i o n may d e f e r the 
implementation of a major water-supply scheme, which also r e s u l t s i n 
l o c a l water shortages. This seems t o be a t r e n d , p a r t i c u l a r l y i n 
south west England, where p o t e n t i a l r e s e r v o i r s i t e s i n or near the 
N a t i o n a l Park and other areas of n a t u r a l beauty are vetoed by c e r t a i n 
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sectors of the p u b l i c . Such a c t i o n s r e s u l t i n proposals f o r new 
r e s e r v o i r s , such as Swincombe on Dartmoor i n 1970, being r e j e c t e d . I n 
a d d i t i o n prolonged p u b l i c debates, l i k e the Roadford Enquiry, r e s u l t 
i n l a r g e b i l l s f o r the r a t e - p a y e r s , w i t h l i t t l e o t h e r a l t e r n a t i v e s t o 
supplement e v e r - i n c r e a s i n g water demands i n the meantime. 
Given such c o n d i t i o n s , small source developments would be 
i n v a l u a b l e t o ensure t h a t growing water demands w i l l be s a t i s f i e d i n 
any i n t e r v e n i n g p e r i o d s . Short-term o p e r a t i o n a l costs on such s m a l l 
sources are hi g h but i f severe water use r e s t r i c t i o n s are enforced as 
an inconvenient a l t e r n a t i v e , such e x p e n d i t u r e may be J u s t i f i e d . Again 
a q u i f e r s o f s u p e r f i c i a l m a t e r i a l s may o f f e r a s u i t a b l e low-cost source 
which could be r a p i d l y developed t o meet immediate l o c a l needs. 
I n the UK the development of small sources i n the a l l u v i a l 
g r a v e l s f o r p u b l i c supply and f o r I n d u s t r i a l and a g r i c u l t u r a l purposes 
have been common i n the past, ( J e f f c o a t e 1977). During the f i r s t h a l f 
of t h i s century the u t i l i s a t i o n of a l l s m a l l sources f o r p u b l i c 
s u p p l i e s s u f f e r e d a d e c l i n e . There were exceptions t o t h i s , n o t a b l y 
i n the Nene and Ouse V a l l e y s ( A n g l i a n Water A u t h o r i t y ) where, 
according t o Wilson (1975) i n the absence o f any obvious source o f a 
s u i t a b l e s i z e t o serve the s c a t t e r e d r u r a l community, 94% o f the water 
f o r the whole area (served by the Old Nene and Ouse Water Board) was 
taken from a l l u v i a l a q u i f e r s . With the advent of the D i d d l n g t o n 
Reservoir supply, which was designed p r i m a r i l y t o meet the demands o f 
more d i s t a n t urban communities, t h i s dependance on the a l l u v i a l 
a q u i f e r s d e c l i n e d . 
I n a few other areas, n o t a b l y i n the Thames V a l l e y , Naylor 
(X974), Trent V a l l e y , Broadhead and MacKay (1972), and i n I r e l a n d , 
P r i c e and Foster (1974), d e t a i l e d i n v e s t i g a t i o n s have been c a r r i e d 
out. Elsewhere r e l a t i v e l y l i t t l e i s known about the l o c a t i o n of these 
a q u i f e r s or the groundwater resources c o n t a i n e d i n them. E x p l o i t a t i o n 
of s u p e r f i c i a l d eposits f o r u s e f u l sources o f potable water have t o 
some ex t e n t been precluded by the a v a i l a b i l i t y of l a r g e s u p p l i e s o f 
groundwater from the sedimentary a q u i f e r s i n t h i s country. This I n 
t u r n has l e d t o the l a c k of s u i t a b l e h y d r o g e o l o g i c a l i n f o r m a t i o n on 
shallow non-consolidated a q u i f e r s i n ge n e r a l (Jones 1970). 
Jones (1970) noted t h a t the term a q u i f e r I s used as a r e s t r i c t e d 
concept i n t h a t i t has been thought of s o l e l y as a groundwater 
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r e s e r v o i r from which water could be e x t r a c t e d . The a l l u v i a l a q u i f e r 
i s i n f a c t normally thought of as a v e h i c l e f o r conveyance and n a t u r a l 
f i l t r a t i o n o f surface water, r a t h e r than as an underground r e s e r v o i r 
from which water may be a b s t r a c t e d by drawing on storage a t times o f 
reduced replenishment. Water ob t a i n e d from shallow a l l u v i a l resources 
i s more l i a b l e t o contamination than water obtained from c o n v e n t i o n a l 
deep-seated s u p p l i e s . Wilson (1975) suggested t h a t w i t h i n c r e a s i n g 
demand f o r water and the l e n g t h o f time and h i g h costs needed t o clean 
up r i v e r s , p o s s i b l e s i t e s from g r a v e l sources where small s u p p l i e s are 
r e q u i r e d , should be I n v e s t i g a t e d . The o b j e c t of Broadhead and 
MacKay's (1972) i n v e s t i g a t i o n s i n t o t he use o f the Trent a l l u v i a l 
g r a v e l s , was to u t i l i s e t h e i r n a t u r a l f i l t r a t i o n p r o p e r t i e s I n order 
to o b t a i n a supply of water s u p e r i o r i n q u a l i t y t o r i v e r water. These 
authors concluded t h a t l i m i t a t i o n s o f s u i t a b l e g r a v e l d e p o s i t s made 
t h e i r usefulness as r e g i o n a l schemes s m a l l , but emphasised t h a t they 
could o f f e r v i a b l e l o c a l sources of water. 
E x p l o i t a t i o n of the Thames a l l u v i a l a q u i f e r as a source of 
groundwater has t o some extent been precluded by the a v a i l a b i l i t y of 
l a r g e s u p p l i e s of groundwater from the chalk and surface s u p p l i e s from 
the Thames i t s e l f (Naylor 1974). A p r e l i m i n a r y study was made of the 
a l l u v i a l g r a v e l s i n the Middle Thames V a l l e y t o assess t h e i r 
usefulness as a major source of groundwater. T e n t a t i v e average 
storage values were estimated as 168 x 10^ m^, and i f i t i s assumed 
t h a t only 10% can be developed, t h i s storage would provide 168000 m^  
day~^ f o r 100 days (Naylor 1974). This emphasises the p o t e n t i a l value 
of the g r a v e l s as a storage area. I t should be noted here t h a t t h i s 
i s one o f the few a l l u v i a l a q u i f e r s i n the UK which could be developed 
along the l i n e s of a c o n v e n t i o n a l a q u i f e r w i t h storage f a c i l i t i e s , due 
mainly to the thicknesses of sand and g r a v e l s , o f t e n up t o 13 metres. 
P r i c e and Foster (1974) found t h a t r a p i d l a t e r a l v a r i a t i o n s and 
complex boundaries were c h a r a c t e r i s t i c of most of the a l l u v i a l 
a q u i f e r s I n v e s t i g a t e d i n U l s t e r . Such v a r i a t i o n s r e s u l t e d I n 
corresponding changes i n a q u i f e r p e r m e a b i l i t y , s a t u r a t e d t h i c k n e s s and 
t r a n s m l s s i v i t y . Groundwater bodies were o f t e n l o c a l l y c o n f i n e d by 
o v e r l y i n g a l l u v i a l s i l t s causing v a r i a t i o n s i n the storage c o e f f i c i e n t 
from l e s s than 10"^ up to the s p e c i f i c y i e l d v a l u e s , which v a r i e d from 
0.05 t o 0.25 i n the U l s t e r g r a v e l f o r m a t i o n s . With regard t o the 
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o v e r a l l depths of a l l u v i a l a q u i f e r s i n the UK, Monkhouse (1978) noted 
t h a t thicknesses o f 4 m are common, up t o 6 m not unusual, but 
thicknesses of more than 10 m are r a r e . 
I n Devon and Cornwall a l l u v i a l d e p o s i t s occur i n most v a l l e y s , 
but w i t h t he exception o f t h e Dart V a l l e y ( s e c t i o n 1:3:2) these have 
not been i n v e s t i g a t e d or developed. A l t e r n a t i v e s u p p l i e s from the 
Bunter Sandstone i n east Devon appear t o be a more a t t r a c t i v e 
p r o p o s i t i o n , but i n an area w i t h i n c r e a s i n g water supply problems one 
i s prompted t o look c l o s e l y a t s m a l l e r p o t e n t i a l water sources. 
Development of l o c a l i s e d water s u p p l i e s from a l l u v i a l m a t e r i a l s and 
s u p e r f i c i a l d e p o s i t s has become an i m p o r t a n t i s s u e , but as yet l i t t l e 
work has been c a r r i e d out on the p o t e n t i a l water-bearing h o r i z o n s o f 
weathered g r a n i t e i n t h i s c o u n t r y . This present i n v e s t i g a t i o n hopes 
to remedy t h i s s i t u a t i o n . 
1:2 Water Supply from G r a n i t e Areas 
This i n v e s t i g a t i o n i s p r i m a r i l y concerned w i t h the e v a l u a t i o n o f 
weathered g r a n i t e a q u i f e r s as p o t e n t i a l water resources; however o f 
n e c e s s i t y the water a v a i l a b i l i t y i n the s o l i d - g r a n i t e basement area 
must a l s o be assessed. The u n c o n s o l i d a t e d weathered g r a n i t e zones and 
t h e i r resources may w e l l i n f l u e n c e the a v a i l a b i l i t y of deeper 
c i r c u l a t i n g groundwater. Conversely weathered g r a n i t e zones may be 
recharged from d e e p - f r a c t u r e systems, and s p r i n g waters may u t i l i s e 
v e i n pathways and f i s s u r e s i n the g r a n i t e bedrock. 
For the purposes of t h i s d i s c u s s i o n the granite-mass i s d i v i d e d 
i n t o two zones: 
( i ) Sound Granite 
( i i ) Decomposed Granite 
The sound g r a n i t e comprises the coherent mass of the i n t r u s i o n crossed 
by f a u l t s , f i s s u r e s and v e i n i n g , w h i l e the decomposed area c o n s i s t s of 
chemically or p h y s i c a l l y weathered unconsolidated m a t e r i a l s and 
h y d r o t h e r m a l l y a l t e r e d zones. F u r t h e r d e t a i l s concerning weathering 
of g r a n i t e s are presented i n Chapter 2. By v i r t u e of t h e i r p h y s i c a l 
s t a t e the water-bearing p r o p e r t i e s o f the two groups are v e r y 
d i f f e r e n t . 
1:2:1 Sound G r a n i t e 
Most o f the work c a r r i e d out on the water-bearing p r o p e r t i e s o f 
c r y s t a l l i n e igneous rocks, and t h e i r weathered zones, has been 
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conducted abroad. E l l i s (1906) w h i l s t d r i l l i n g f o r water i n 
Connecticut USA, made s e v e r a l o b s e r v a t i o n s concerning the water-
y i e l d i n g a b i l i t y o f c r y s t a l l i n e r ocks. He n o t i c e d t h a t p o r o s i t i e s 
were o f t e n l e s s than 1% i n g r a n i t e s and o t h e r c r y s t a l l i n e r o c k s , and 
t h a t the j o i n t systems played an Im p o r t a n t r o l e i n the c i r c u l a t i o n o f 
water i n g r a n i t e s . E l l i s (1906) observed t h a t the major groundwater 
source t o w e l l s i n g r a n i t e s were s u p p l i e d by h o r i z o n t a l f r a c t u r e s . 
This f e a t u r e was p a r t i c u l a r l y e v i d e n t i n the deeper w e l l s (60-92 m i n 
depth) i n which the p r i n c i p a l f r a c t u r e source was u s u a l l y c l o se t o the 
w e l l base. Water y i e l d s from such w e l l s were noted t o have been 
constant and e x h i b i t e d no appre c i a b l e annual f l u c t u a t i o n s . 
Melnzer (1923) suggested t h a t water y i e l d i n c r y s t a l l i n e rock was 
a f u n c t i o n of j o i n t occurrence, w h i l s t Tolman (1937) i n d i c a t e d t h a t 
water movement i n s u p e r f i c i a l f r a c t u r e systems does not bear the same 
r e l a t i o n s h i p t o the w a t e r t a b l e as water movement i n g r a n u l a r m a t e r i a l . 
Le Grand (1949) mentioned the importance o f j o i n t s and f i s s u r e systems 
on groundwater occurrence i n g r a n i t e s and describes " s h e e t i n g " , the 
development of planes i n a massive igneous i n t r u s i o n . These sheets 
were found t o be approximately p a r a l l e l t o the s u r f a c e , and water was 
envisaged as moving i n a s t e p - l i k e motion along the s h e e t i n g planes 
down t o the v a l l e y r e s e r v o i r s . 
Le Grand (1949) pointed out t h a t a r t e s i a n c o n d i t i o n s were 
extremely r a r e i n igneous and metamorphic r o c k s , but may occur between 
d i f f e r e n t "sheets" i n the g r a n i t e . I n c o n t r a s t E l l i s (1906) mentioned 
th a t w e l l s i n which water r i s e s above the rock surface are common. I n 
c r y s t a l l i n e rocks the frequency o f j o i n t s and f i s s u r e s , e s p e c i a l l y 
t h e i r connections, dimensions and d i p s , determine the water-bearing 
c a p a c i t y (Meier and Petersen 1951). From t h e i r work on the Swedish 
Archaen bedrocks these authors suggest g r a n i t e s are b e t t e r a q u i f e r s 
than basic rocks such as d i o r l t e s and gabbros, and porphyries are 
b e t t e r than d o l e r i t e s or b a s a l t s . Y i e l d s from the Swedish g r a n i t e 
areas vary from 0.2 t o 0.4 m^  sec~^ (Meier and Petersen 1951). 
The idea has p r e v a i l e d i n some o f the e a r l i e r l i t e r a t u r e ( E l l i s 
1906, Gear 1951) t h a t I n cases where no water, or on l y very s m a l l 
q u a n t i t i e s were s t r u c k a t depths of l e s s than 100 m, t h a t t h e r e was 
l i t t l e chance of improving q u a n t i t i e s o b t a i n e d w i t h p e n e t r a t i o n t o 
gre a t e r depths. Meier and Petersen (1951) however found t h a t i n the 
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Swedish g r a n i t e s considerable amounts of water are d e r i v e d from depths 
of 100-200 ra. 
Unweathered and u n f r a c t u r e d c r y s t a l l i n e rocks g e n e r a l l y have l e s s 
than 1% p o r o s i t y and, according t o Davis and Turk (1964) have 
p e r m e a b i l i t i e s so small as t o be almost n e g l i g i b l e . These authors 
a t t r i b u t e the water-bearing character o f most c r y s t a l l i n e rocks i n 
C a l i f o r n i a USA, t o weathering and s t r u c t u r a l c o n t r o l s . Lewis and 
Burgy (1963) engaged upon h y d r o l o g l c a l s t u d i e s i n the c r y s t a l l i n e 
rocks i n S i e r r a Nevada, USA, noted from w e l l logs t h a t t h e r e i s a 
tendency f o r the number of open j o i n t s and f r a c t u r e s t o decrease w i t h 
depth, and hence reduce p e r m e a b i l i t y . Larson (1968) makes s i m i l a r 
observations on the volume and behaviour o f j o i n t and f a u l t systems, 
o u t l i n i n g t h e i r importance i n pre d e t e r m i n i n g the a v a i l a b i l i t y o f 
groundwater i n the Pre-Cambrlan gneisses and g r a n i t e s o f Sweden. This 
author concludes t h a t an extensive study o f the f a u l t s and j o i n t s o f 
the rocks may favour a probable e s t i m a t i o n o f p o t e n t i a l y i e l d o f 
groundwater i n a g r a n i t i c bedrock. 
The y i e l d of any water-bearing h o r i z o n i s predetermined by the 
p h y s i c a l p r o p e r t i e s of the m a t e r i a l s such as p o r o s i t y and 
p e r m e a b i l i t y . Louis (1968) records t h a t the h y d r a u l i c c o n d u c t i v i t y o f 
the unweathered rock i s sm a l l ; ranging from 0.5 t o 
2.0 X 10""® m sec"^ , but t h a t of weathered g r a n i t e i s g r e a t e r . For the 
h y d r a u l i c c o n d u c t i v i t y o f a g r a n i t e mass Louis (1968) gives 
0.7 m sec"^ i n the d i r e c t i o n of the f i s s u r e s on the basis of one 
f i s s u r e 1 mm wide f o r every metre. Lugeon t e s t s i n B r a z i l , Franciss 
(1970) gave mass p e r m e a b i l i t i e s o f 10"^ t o 10"^ m sec"^. Brown e t a l . 
(1975) noted t h a t few measurements were a v a i l a b l e on the 
p e r m e a b i l i t i e s of g r a n i t e s . 
Since 1975 the hydrogeology of g r a n i t i c areas i n c o u n t r i e s l i k e 
Canada, USA, B r i t a i n and Sweden has been under close s c r u t i n y , w i t h a 
view t o assessing the f e a s i b i l i t y o f the g e o l o g i c a l d i s p o s a l of h i g h -
l e v e l r a d i o a c t i v e waste. As p a r t of the UK i n v e s t i g a t i o n s , the 
c r y s t a l l i n e rock environment i n the S t r a t h H a l l a d a l e complex I n 
Caithness was sub j e c t t o a v a r i e t y of s t u d i e s . Bulk h y d r a u l i c 
c o n d u c t i v i t y f o r the f r a c t u r e d c r y s t a l l i n e rock was a t an average o f 
about 10-^ m sec"^, Mather e t a j . (1982), w h i l e l a b o r a t o r y 
measurements o f bedrock gives' p o r o s i t i e s o f o n l y 0.01 (G l e n d i n l n g 
1980). Brace (1980) gives a synopsis o f the l a b o r a t o r y determined. 
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i n s i t u and i n f e r r e d values o f p e r m e a b i l i t y o f c r y s t a l l i n e rocks, from 
the f e a s i b i l i t y s t u d i e s c a r r i e d out I n USA, UR and Sweden. For 
c r y s t a l l i n e rocks i n s i t u p e r m e a b i l i t i e s ranged from 10"^^ t o 10"^ 
m sec"^, but no systematic decrease w i t h depth was e v i d e n t . 
This b r i e f review o f the l i t e r a t u r e d e a l i n g w i t h water resource 
i n v e s t i g a t i o n s and recent s t u d i e s on g r a n i t e masses i n a s s o c i a t i o n 
w i t h other c r y s t a l l i n e r o c k s , supports the view t h a t groundwater 
occurrence i n such m a t e r i a l s i s by no means i n s i g n i f i c a n t . E n s l i n 
(1943) noted t h a t most of the e x t r a c t a b l e groundwater I n igneous 
formations i s s t o r e d i n the decomposed rocks. T h i s author asserted 
t h a t Igneous rocks c o n t a i n no water, but t h a t found i s c o n f i n e d t o the 
j o i n t and f r a c t u r e systems and i n decomposed m a t e r i a l s . 
1:2:2 Decomposed G r a n i t e 
E n s l i n (1943) suggested t h a t as decomposed c r y s t a l l i n e rock has a 
high p o r o s i t y and p e r m e a b i l i t y , and i f weathering extends t o any 
depth, then such m a t e r i a l s form i d e a l r e s e r v o i r s f o r underground 
storage. This author was one o f the f i r s t g e o l o g i s t s t o emphasise t h e 
Importance of chemical weathering i n the f o r m a t i o n o f i s o l a t e d basins 
of weathered g r a n i t e . On the g r a n i t e peneplain i n the Kenhardt 
d i s t r i c t . South A f r i c a , basins o f decomposed g r a n i t e s were found i n 
excess of 60 m depth. I n Igneous rocks a d e f i n i t e w a t e r t a b l e o n l y 
e x i s t s i f the decomposed rock i s s a t u r a t e d t o a c e r t a i n depth. Water 
which i s s t o r e d i n the g r a n i t e mass i n the j o i n t and f r a c t u r e systems 
are disconnected and too l o c a l l y c o n f i n e d t o form any u n i f o r m 
w a t e r t a b l e ( B n s l i n 1943). 
This f a c t o r was commented upon by Dawklns (1901) from work 
c a r r i e d out i n Guernsey i n the Channel I s l a n d s . Water-bearing beds 
formed by the decomposition o f igneous r o c k s , r e s t i n s i t u on s o l i d 
g r a n i t e . They occupy i r r e g u l a r hollows 9-12 m deep. As a r e s u l t o f 
these c o n d i t i o n s water was s t o r e d i n the porous decomposed rocks " i n 
w a t e r - t i g h t c e l l s l i k e those of a honeycomb though more i r r e g u l a r " , 
(Dawklns 1901). Consequently, t h e r e i s no f r e e c i r c u l a t i o n and a w e l l 
can only draw on i t s own r e s e r v o i r , independent of adjacent w e l l s . I t 
seems u n l i k e l y t h a t a l a r g e supply o f water could be a t t a i n e d from any 
one c e n t r e o f pumping i n t h i s s i t u a t i o n , a l t h o u g h t h e r e might be many 
u s e f u l w e l l s s u f f i c i e n t f o r s m a l l l o c a l demands. 
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According t o Le Grand (1949) rock ty p e , s t r u c t u r e , topography and 
the degree o f weathering are s i g n i f i c a n t f a c t o r s which govern the 
occurrence of groundwater i n g r a n i t e s . Weathered g r a n i t e s on the 
Piedmont, Georgia, USA, f u r n i s h e d a p p r e c i a b l e storage space f o r 
groundwater resources. This residuum was found by Le Grand (1949) t o 
be t h i c k e s t i n the lowlands where l e s s s u r f a c e r u n o f f and more d i r e c t 
i n f l u e n t seepage occurred, f e e d i n g the groundwater r e s e r v o i r . 
Gear (1951), on a survey of w a t e r - w e l l s i n g r a n i t e r e gions of 
Uganda, attempted t o c o r r e l a t e borehole y i e l d w i t h r o c k - c o n d i t i o n . 
Out of a t o t a l of 117 boreholes the m a j o r i t y o f h i g h s u p p l i e s , 
0.10 X 10-5 Q^ 3^ X 10-3 ^3 sec-^, were found i n boreholes d r i l l e d 
i n p a r t i a l l y weathered rock. Boreholes below depths o f 91 m i n s o l i d 
unweathered g r a n i t e y i e l d e d few s u p p l i e s , except where major f i s s u r e s 
were i n t e r s e c t e d . 
The water y i e l d i n g p o t e n t i a l o f gneisses, s c h i s t s , a m p h i b o l i t e s 
and other c r y s t a l l i n e rocks i n Georgia, USA, were i n v e s t i g a t e d by 
Stewart (1962). These c r y s t a l l i n e rocks were mantled by v a r i o u s 
thicknesses of weathered rock, r e f e r r e d t o as " s a p r o l l t e " . The 
p o r o s i t y of the s a p r o l i t e was found to be 54% a t depths o f 9-12 m, but 
decreased w i t h depth as the weathered mantle grades i n t o unweathered 
rock, w i t h p o r o s i t y l e s s than 5%. 
Weathering processes (see Chapter 2) cause d i f f e r e n t i a l expansion 
of v a r i o u s m i n e r a l g r a i n s due t o p a r t i a l h y d r a t i o n . The expansion and 
d i f f e r e n t i a l movement w i l l produce i n t e r g r a n u l a r pore space and 
c i r c u l a t i n g water may increase l o c a l p o r o s i t i e s by the d i s s o l u t i o n o f 
unstable m i n e r a l s . I f a c r y s t a l l i n e rock i s o r i g i n a l l y coarse-grained 
w i t h a moderate abundance of s t a b l e minerals such as q u a r t z , a 
r e l a t i v e l y high h y d r a u l i c c o n d u c t i v i t y may r e s u l t from weathering. 
P o r o s i t i e s i n such m a t e r i a l s may be i n the range o f 30-50% ( D a v i s and 
Turk 1964). 
The thickness of the zone of weathering depends on the g e o l o g i c 
h i s t o r y of an area. According t o Davis and Turk (1964) maximum depths 
of 92 m may be encountered i n areas o f l i t t l e e r o s i o n , but depths o f 
3-30 m are more t y p i c a l i n C a l i f o r n i a , USA. L a t e r work o f Turk (1973) 
i n the Llano Area, Texas, emphasised the importance o f the 
r e l a t i o n s h i p between w e l l - y i e l d and depth o f weathered m a t e r i a l . 
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Largest y i e l d s were found from w e l l s i n t h i c k l a y e r s o f weathered 
g r a n i t e found p r i m a r i l y i n v a l l e y bottom l o c a t i o n s . 
S i m i l a r conclusions were drawn by Uhl and Sharma (1978) w h i l e 
i n v e s t i g a t i n g water s u p p l i e s from weathered c r y s t a l l i n e a q u i f e r s i n 
the Satpura H i l l s , I n d i a . Thicknesses o f s a p r o l i t e v a r y from 1 t o 
35 m i n depth, and t r a n s m i s s l v i t y values ranged from 2 t o 382 m^  day~^ 
i n the weathered zones. S i g n i f i c a n t d i f f e r e n c e s i n the h y d r a u l i c 
c o n d u c t i v i t y w i t h depth were observed, and groundwater c i r c u l a t i o n i n 
j o i n t e d and f r a c t u r e d bedrock was r e s t r i c t e d , by the c l o s i n g up of 
f r a c t u r e s , t o depths of 45-60 m i n most areas (Uhl ^  a l . 1979). The 
c r y s t a l l i n e - r o c k country i s g e n t l y u n d u l a t i n g i n the Satpura area, and 
groundwater basics were found t o be conterminous w i t h s u r f a c e drainage 
sub-basins which are a few square k i l o m e t e r s i n area (Uhl e t a l . 
1979). The groundwater f l o w systems were o f a l o c a l t y p e , where each 
l o c a l system has i t s recharge area a t a topographic h i g h and discharge 
area a t a topographic low. These authors came t o the con c l u s i o n t h a t 
i n t e r m e d i a t e and r e g i o n a l groundwater f l o w systems do not e x i s t i n 
these I n d i a n c r y s t a l l i n e areas because of the n e g l i g i b l e h y d r a u l i c 
c o n d u c t i v i t y w i t h depth. 
1:2:3 Decomposed Granite Areas i n the UK 
Generally water-bearing beds formed from decomposed g r a n i t e 
r e s t i n g i n s i t u on s o l i d m a t e r i a l below, occur over a l i m i t e d area i n 
the B r i t i s h I s l e s . Accumulations of weathered rock I n s i t u are to be 
found mainly i n Devon, Cornwall and the Channel I s l a n d s . I t i s 
g e n e r a l l y accepted t h a t major g l a c i a l i c e sheets d i d not extend over 
the land south of the 'Bristol-London l i n e ' . As a consequence the 
g r a n i t e s o f the Lake D i s t r i c t , Scotland, I s l e o f Man and I r e l a n d are 
not expected t o have such depths of weathered m a t e r i a l s as are found 
i n south west England. 
There are however some exceptions t o the above g e n e r a l i s a t i o n . 
F i t z p a t r l c k (1963) working on aspects o f s o i l f o r m a t i o n i n Scotland 
discovered Igneous, metamorphic and c o n s o l i d a t e d sedimentary rocks 
weathered t o depths g r e a t e r than 12 m. These were o v e r l a i n by g l a c i a l 
t i l l i n some areas, and by drawing comparisons w i t h s i m i l a r d e p o s i t s 
i n Asia and North America, F l t z p a t r l c k (1963) a t t r i b u t e d t h e i r 
f o r m a t i o n t o weathering i n a p r e - g l a c l a l p e r i o d . 
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Moore and G r i b b l e (1980), w h i l e i n v e s t i g a t i n g the s u i t a b i l i t y o f 
aggregates from weathered g r a n i t e s a t Peterhead, Scotland, discovered 
t h a t a l t e r e d g r a n i t e penetrated by boreholes extended t o depths of 
60 m. These authors note t h a t l a r g e areas of Scotland have been 
a f f e c t e d t o some e x t e n t by weathering processes, l e a v i n g a weathered 
mantle, and the c o a s t a l g r a n i t e s i n the Buchan area of n o r t h - e a s t 
Scotland seem p a r t i c u l a r l y prone. The g r e a t thicknesses o f a l t e r a t i o n 
i n p a r t s of north-east Scotland and I t s apparent u n i f o r m i t y lead Moore 
and G r i b b l e (1980) to suggest t h a t such f e a t u r e s may be taken as 
evidence of hydrothermal a l t e r a t i o n . 
During a recent d r i l l i n g programme i n the S c o t t i s h g r a n i t e s o f 
Caithness, Glendining (1980) r e p o r t e d t h a t boreholes p e n e t r a t e d areas 
of g r e a t e r than 40 m of weathered g r a n i t e . As I s t y p i c a l o f g r a n i t e 
t e r r a i n i n the UK depths of weathered rock v a r i e d from s i t e t o s i t e . 
From 24 holes d r i l l e d the e x t e n t of weathering v a r i e d from 2.4 m t o 
g r e a t e r than 40 m below the s u r f a c e , (S. G l e n d i n i n g pers. comm. 
1980). 
1:2:4 Water i n Granites of South West England 
From the f o r e g o i n g review i t i s e v i d e n t t h a t t he most p r o l i f i c 
p a r t s of a g r a n i t e area, from the p o i n t o f view o f water supply, are 
those zones of decomposed and f r a c t u r e d m a t e r i a l s . The p o t e n t i a l 
water-bearing c h a r a c t e r i s t i c s o f the g r a n i t e and i t s weathered zones 
i n south west England have been noted i n the past, Sandeman (1901) and 
discovered d u r i n g the course of t r i a l excavations f o r the c o n s t r u c t i o n 
of dams i n the area i n connection w i t h the development of impounding 
r e s e r v o i r s . 
Sandeman (1901), d u r i n g the e x c a v a t i o n of a t r e n c h f o r the 
B u r r a t o r Dam, observed t h a t the q u a n t i t y o f water d r a i n i n g i n t o the 
t r e n c h from c r e v i c e s i n the rock was s m a l l . When the Sheepstor t r e n c h 
was excavated water was h i t l e s s than one metre below the surface i n 
t h i s weathered zone, and increased i n q u a n t i t y w i t h depth u n t i l the 
pumps were l i f t i n g 2,045 m^  day~^ to h e i g h t s g r e a t e r than 30 m. I t 
was observed t h a t as g r e a t e r depths were a t t a i n e d the decomposed 
g r a n i t e became harder u n t i l i t g r a d u a l l y merged i n t o hard ( u n a l t e r e d ) 
rock. 
As the s i n k i n g of the Sheepstor t r e n c h proceeded, water which had 
f o r m e r l y bubbled up l i k e a s t r o n g s p r i n g i n the bottom o f the t r e n c h 
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was observed to be coming more from the sides of the trench. Two 
veins which conducted water to the surface of the granite v i a the 
"hard quartz rock" were piped and the water carried up above the water 
lev e l of the reservoir. This description of the occurrence of water 
i n the weathered granite at t h i s l o c a t i o n . I s of p a r t i c u l a r Importance 
here since the valley upstream of Burrator Reservoir Is the subject of 
t h i s present i n v e s t i g a t i o n . 
Other evidence r e l a t i n g to groundwater occurrence i n granite and 
weathered zones i n the v i c i n i t y of Dartmoor are obtained i n sinking of 
wells and shafts f o r water supplies. At Sampford Splney N.G.R. SX 
534724, west of the Narrator Brook Catchment, two-well bores were put 
down on a farm revealing the following: 
(1) Level of ground surface 231.64 O.D. 
Depth of bore 18.89 m 
Water table depth 4.26 m 
The w e l l log revealed 0.30 m of subsoil and 18.59 m of s o f t granite. 
A pump-test yielded 4.54 m^  sec~^ a f t e r one hour's pumping. 
(2) Level of ground surface 259 m 
Depth of bore 18.28 m 
Water table depth 0.91 m 
The w e l l log revealed 1.52 m of peat and d r i f t material and 16.76 m of 
'extremely s o f t decomposed gr a n i t e ' . A two hour pumping t e s t yielded 
1.51 m^  sec~^ with a 7,62 m water l e v e l depression below the well top. 
Rest l e v e l below the w e l l top was 0.91 m w i t h a recovery period of 
half an hour. 
As part of a research project i n t o the d i s t r i b u t i o n of 
underground temperatures i n the granites of south west England, with a 
view to assessing possible future geothermal resources, (Whelldon 
e t ^ ^ . 1977), some exploratory boreholes were d r i l l e d i n t o the 
Dartmoor granite. Six s i t e s (Figure 1:4) were investigated and depths 
to s o l i d granite and the watertable are tabulated i n Table 1:3. Solid 
granite and dry holes were a pre-requlslte f o r suitable temperature 
measurements, Francis (pers. comm. 1980) and several obstacles 
presented themselves i n the form of varying and Inconsistent 
thicknesses of weathered granite i n association with varying amounts 
of water experienced i n the Dartmoor s i t e s . These borehole logs 
nevertheless provide very useful background information for t h i s 
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I n v e s t i g a t i o n . More than one attempt at d r i l l i n g was carried out at 
each s i t e , giving the range of depths to s o l i d granite encountered, 
and the v a r i a t i o n I n depths to the watertable. At Laughter Tor the 
f i r s t watertable was h i t at 3.96 m I n weathered granite. From 6-8.5 m 
below t h i s l e v e l the borehole through the granite was dry u n t i l the 
second watertable was h i t at 8.53 m. These Investigations h i g h l i g h t 
the v a r i a t i o n I n the watertable or potentlometrlc surfaces I n 
weathered granite zones. 
Table 1:3 Geothermal Borehole Sites Dartmoor 1979 
Site National Grid 
Reference 
Depth of 
borehole 
Depth to 
Solid 
Granite 
Depth to 
watertable 
Blackingstone SX 7850 8593 100 m 3-4 m 9 m 
Winter Tor 6117 9156 100 m 3.96->16 m 5.79, 14.02 
Soussons Wood 6733 7971 100 m 6 m 11.43 
Foggln Tor 5663 7334 100 m 2.5-7 m 9.14 
Laughter Tor 6562 7549 100 m 3.96-4.5 m 3.96, Second 
WT at 8.53 m 
Quick Beam 651 647 100 m 7-12.5 m Dry 
H i l l 
1:2:5 Water i n Weathered and Solid Granites 
Specific investigations on p o t e n t i a l igneous aquifers f o r water 
supply purposes In south west England and the UK, appears only to be 
instig a t e d where other water supplies are inadequate. This i s the 
case i n the Isles of S c l l l y , where hydrogeologlcally only the granites 
and recent alluvium are of any si g n i f i c a n c e , (Burgess et a l . 1976). 
The granite has secondary permeability and the system i s unconflned 
although head variations were recorded during d r i l l i n g . These were 
a t t r i b u t e d to d i f f e r e n t i a l pressures i n d i f f e r e n t fissures and the 
l o c a l absence of hydraulic c o n t i n u i t y . 
The granites of the S c l l l y I s l e s are wel l j o i n t e d with a system 
of i n c l i n e d conjugate j o i n t s and sub-horizontal pressure r e l i e f 
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Joints. The horizontal j o i n t s appear to be dominant I n c o n t r o l l i n g 
groundwater flow (Burgess and Clowes 1975). The exposed granite i n 
the S c i l l y I s l e s i s everywhere weathered i n s i t u to produce angular 
blocks i n a matrix of quartz and f i n e r clay material. This i s known 
l o c a l l y as 'Ram' and strongly resembles Pleistocene head deposits. 
Thicknesses of these two materials i n association w i t h recent alluvium 
varies from 1-15 m. Where the granite i s covered by Head, a low 
permeability material, the aquifer may be p a r t i a l l y confined (Burgess 
and Clowes 1975). 
With respect to aquifer c h a r a c t e r i s t i c s , standard pumping test 
analysis was discounted i n the S c i l l y I s l e s on the basis of the 
secondary nature of the permeability of the granite and the absence of 
observation wells. The s p e c i f i c capacity data f o r wells i n the 
granite indicated a wide range, 0.35 to 5.4 m^  day~^, which makes the 
regional a l l o c a t i o n of permeability d i f f i c u l t (Burgess and Clowes 
1975). As the granite aquifer possesses non-homogeneous permeability 
the q u a l i t a t i v e analysis of groundwater i n granites and weathered 
granites involving normal Darcy p r i n c i p l e s i s not feasible. 
Binnte and Partners (1971) estimated t r a n s m i s s l v i t i e s of 74 t o 
112 m^  day"^ and a storage c o e f f i c i e n t of 0.01 i n one of the three 
groundwater basins on St. Marys, I s l e s of S c i l l y . As i s expected i n a 
granite aquifer i t s a b i l i t y to transmit water i s l i m i t e d and hence 
i n d i v i d u a l boreholes were found to give low outputs. Binnie and 
Partners (1971) report s p e c i f i c capacities of wells varying from 0.32 
to 120.1 m^  d"^ » and estimated the p o t e n t i a l y i e l d of a l l e x i s t i n g 
sources of water supply on the island ( r a i n tanks, reservoirs and 
groundwater resources) was s u f f i c i e n t to meet a peak week demand of 
2.10 m^  day-^. 
On Tresco, S c i l l y I s l e s , two depresslonal areas i n the granite 
exist around Grimsby and the Great Pool. Head and gravels have 
accumulated i n these overlying weathered granites, thus creating two 
areas w i t h small unconfined aquifers ( S h e r r e l l 1964). Yields i n wells 
are i n the order of 0.052 m^  day"*^  w i t h a water table 3 m below the 
surface i n the Grimsby area, to a y i e l d of 0.073 m^  day~^ w i t h a 
watertable 0.9 m below the surface i n the Great Pool basin. Both 
these weathered granite aquifers are tapped f o r water supply by large 
well-chambers 1.50 m i n diameter, constructed at depths of 4.6-6 m. 
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with l a t e r a l feeding channels at depths of 3.65 m to permit e x t r a c t i o n 
of water over a maximum area ( S h e r r e l l pers* comm. 1980). 
The r e s u l t s of these two studies In the S c l l l y I s l e s give an 
Indication of the d i f f i c u l t y of assessing groundwater p o t e n t i a l i n 
both weathered and unweathered granite areas. They also serve to 
I l l u s t r a t e the usefulness of Isolated weathered basins i n augmenting 
public water supplies, and emphasise the f a c t that water supply from 
granites may be derived from both decomposed and weathered materials. 
In terms of water supply purposes i t I s not a v a l i d approach to assess 
weathered and non-weathered granite water supplies independently as 
the two systems are strongly I n t e r r e l a t e d . 
This feature i s shown i n Table 1:A which summarises some of the 
hydrogeologlcal l i t e r a t u r e available dealing w i t h weathered and s o l i d 
granite areas. Most of t h i s l i t e r a t u r e refers to the combined 
hydrogeologlcal conditions i n both weathered and unaltered granite 
masses. 
1:2:6 Recent Granite Investigations 
More specialised Investigations i n t o the hydrogeological 
char a c t e r i s t i c s of a granite mass have been conducted recently. 
Llndblom, Lundstrom and S t l l l e (1979) point out that the assessment of 
the permeability of c r y s t a l l i n e rocks has become an Important issue i n 
nuclear f u e l safety analysis i n countries l i k e Canada, U.S.A., B r i t a i n 
and Sweden, where repositories i n hard rock are considered. The rock 
mass permeability together with the regional hydrology and the induced 
temperature f i e l d are factors that w i l l determine the rate of 
groundwater flow. The only possible way f o r deposited radioactive 
material to reach the biosphere i s through future transport i n mobile 
groundwater. 
Although such investigations appear i n the f i r s t Instance to be 
unrelated to groundwater resources i n weathered granites, these 
unconsolidated zones and t h e i r water resources may w e l l Influence the 
a v a i l a b i l i t y of deeper c i r c u l a t i n g groundwater. Conversely weathered 
granite zones may be recharged from deep-fracture systems and spring 
water and seeps may u t i l i s e vein pathways i n the granite. The two 
veins t r a n s m i t t i n g s i g n i f i c a n t amounts of water from an unknown depth 
which had to be covered and piped up above the water l e v e l of the 
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Table 1:4 Summary of Some of the Hydrogeologlcal Literature Available on 
Weathered and Solid Granite Areas 
Type of Investigation Granite Areas and Authors 
Decomposed Solid Decomposed Location Solid Location 
General 
description 
Basins of 
decomposition 
and thickness 
of weathering 
General 
description 
Water yielding 
properties of 
cr y s t a l l i n e 
rock types 
Sandeman (1901) 
Dawklns (1901) 
Enslln (1943) 
Le Grand (1949) 
Fit z p a t r l c k (1963) 
Davis & Turk (1964) 
Moore & Gribble 
(1980) 
Glendlning (1980) 
UK 
Channel 
Islands 
South 
Africa 
USA 
Scotland 
USA 
Scotland 
Scotland 
E l l i s (1906) 
Melnzer (1923) 
Gear (1951) 
USA 
USA 
Uganda 
Well yields 
and depths 
Well yields 
j o i n t i n g , 
f a u l t i n g , 
and water 
movement i n 
c r y s t a l l i n e 
rock 
Gear (1951) 
Turk (1973) 
Glendinlng (1980) 
Uganda 
USA 
Scotland 
Tolman (1937) 
Le Grand (1949) 
Meier & Petersen 
(1951) 
Larson (1968) 
Burgess et a l . 
(1982) 
USA 
USA 
Sweden 
Sweden 
UK 
Physical 
properties 
of decomposed 
cr y s t a l l i n e 
materials 
Hydraulic 
properties 
of massive 
c r y s t a l l i n e 
rock 
Sherrell (1964) 
Blnnie & Partners 
(1971) 
Uhl & Sharma (1978) 
Stewart (1982) 
S c i l l y 
Isles 
S c i l l y 
Isles 
India 
USA 
Lewis & Burgy 
(1963) 
Franciss (1970) 
Brace (1980) 
Mather et a l . 
(1982) 
USA 
Brazil 
USA 
UK 
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reservoir during the excavation of the Sheepstor embankment, Sandeman 
(1901), I l l u s t r a t e t h i s point. 
Investigations attempting to elucidate hydraulic properties of a 
rock mass with a view to assessing t h e i r use as radioactive waste 
disposal s i t e s are not new. Work on radioactive waste disposal i n 
excavated vaults i n c r y s t a l l i n e rock was carried out i n the early 
1960's i n South Carolina. Proctor and Marine (1965) emphasised that 
the most s i g n i f i c a n t d r i v i n g force f o r the migration of radionuclides 
from the storage s i t e was derived from the natural water movement, 
coupled with the e f f e c t s due to dispersion and ion exchange. 
Characteristics of the waste, heat generation and r a d l o l y s l s were 
found to have only small effects on the migration of radionuclides I n 
the gneisses, schists and granites of South Carolina. The detailed 
hydrogeological i n v e s t i g a t i o n of Proctor and Marine (1965) revealed 
that the very low permeability of the rock i n which the storage vault 
Is located, the v i r t u a l l y impermeable clay layer separating the rock 
and overlying sediments was capable of confining the radionuclides 
used with the plant boundaries f o r a much greater time than the 600 
year period required to render wastes Innocuous. 
Large-scale permeability tests carried out i n the granite of the 
Stripa mine, Sweden, Linblom et a l . (1979) were conducted 360 m below 
the surface. The rock mass permeability was estimated as being 
between 1.6 t o 5.1 x 10"^^ m sec"^, but the authors emphasised that 
new test methods must be developed f o r c r y s t a l l i n e rocks with 
permeabilities below 10"^ m sec"^. Black (1979) attempted an analysis 
of the hydrogeological properties of the Carnmenellis granite i n 
Cornwall, by using single borehole tests and m u l t i p l e borehole t e s t s . 
He concluded that multiple borehole test techniques have considerable 
p o t e n t i a l but require adaptation to low permeability, low porosity 
c r y s t a l l i n e rock environments. The permeability of the Carmenellis 
granite was found to be i n the order of 0.1 x 10'^ m sec"^. 
The I n s t i t u t e of Geological Sciences (I.G.S.) have been concerned 
i n recent years with research i n t o the relevant geological c r i t e r i a 
for safe long-term radioactive waste disposal i n t h i s country. A 
d r i l l i n g programme i n the granites of Caithness has been carried out 
(Glend;:ning 1980). 
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Preliminary investigations Into the Scottish granite at Altna 
Breac with a view to assessing such rock types used as nuclear waste 
repositories have produced valuable hydrogeological data. Three deep 
boreholes (300 m) and 24 shallow boreholes (40 m) were d r i l l e d 
penetrating weathered horizons i n the granite often greater than 40 m 
in thickness. These granites at 180 m depth exhibited s o l u t i o n 
c a v i t i e s w i t h remnants of c a l c l t e c r y s t a l s i n them, while at depths of 
280 m they showed staining along f r a c t u r e s , i n d i c a t i n g paths of 
c i r c u l a t i n g water. Laboratory measurements on unweathered core 
material give porosities of 1%, possibly related to micro-cracks of 
the constituent grains (Alexander et a l . 1981). Borehole hydrograph 
analysis suggested a gross interconnected porosity of 12-15% f o r the 
system as a whole. Much of t h i s porosity i s probably related to the 
d r i f t and upper weathered and highly fractured zones i n the top 40-
50 m, (Glendining, pers. comm. 1980). Throughput estimates, from 
recharge to discharge points are i n the range of 5-100 years, being 
very f a s t i n the top 40 m of the water p r o f i l e s as Indicated by 
britlum values. 
A d r i l l i n g programme, as can be seen from the previous 
discussion, gives more detailed Information on the geological facto r s 
r e l a t i n g to water i n , and the mechanical properties o f , the subsurface 
c r y s t a l l i n e rock. I f c r y s t a l l i n e rocks are to be used safely f o r high 
l e v e l radioactive waste disposal purposes, then data needs to be 
available from a v a r i e t y of s i m i l a r , i f less suitable s i t e s , so the 
spectrum of properties of c r y s t a l l i n e rocks relevant to waste 
containment can be f u l l y established. 
Similar reasoning necessitates more detailed study of f l u i d 
migration i n weathered c r y s t a l l i n e horizons, and the determination of 
the hydraulic connection between these two c i r c u l a t i o n systems i s 
c r u c i a l . Such investigations w i l l f u r n i s h important hydrogeological 
data which w i l l be relevant to studies of the p o t e n t i a l of groundwater 
resources from both weathered and s o l i d c r y s t a l l i n e bodies. 
Further evidence f o r the volumes of groundwater available from 
granite areas i n south west England, i s provided by hydrogeochemical 
studies undertaken to investigate the nature of groundwater 
c i r c u l a t i o n i n the Carmenellis granite (Burgess et_ al^. 1982, i n 
preparation). The existence of thermal saline springs i n working t i n 
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mines of Cornwall has been evident f o r a long time, (Henwood 1843), 
and suggests groundwater c i r c u l a t i o n at depth. 
At South Crofty, Pendarves, Wheal Jane and Mount Wellington, the 
four deep active t i n mines sampled by Burgess e t _ a l . (1982), the t o t a l 
amount of groundwater pumped from workings amounts to 76,000 m^  day"^. 
In kaolinlzed zones of Pendarves mine, and Mount Wellington, at depths 
of 250 m, percolation of groundwater i n t o the workings i s common i n 
these 'wet* mines. Discrete inflows are also provided by f i s s u r e and 
fracture systems* Wheal Jane and South Crofty are much d r i e r at t h e i r 
working levels of 300 m and 690 m respectively, with water more 
commonly encountered as discrete Inflows r e l a t i n g to j o i n t s , cross-
cutt i n g f a u l t s or lod€s. 
On the Carmenellls granite groundwater i s commonly encountered i n 
boreholes which Intersect fracture planes i n granites. Such boreholes 
are less than 50 m i n depth and Intersect watertables several metres 
below ground l e v e l . Piezometric heads vary i n such boreholes, and i n 
the case of boreholes at Rosemanowis Quarry, those w i t h i n 20 m of each 
other vary, giving a maximum head difference of some 22 m, (Pearson 
pers. comm. A p r i l 1980). Fissure-fed springs on the Carmenellis 
granite, with discharges from 1-3 l i t r e s sec~^ are common occurrences, 
(Burgess et a l . 1982). 
Recent (post 1953) meteoric water penetrates down to depths of at 
least 700 m i n the Carmenellis g r a n i t e , mixing as i t does w i t h much 
older saline waters i n the fracture-systems. Such saline waters owe 
th e i r hydrogeochemistry to reaction with the g r a n i t e , (Burgess 
et a l . 1982). The c i r c u l a t i o n system operating at present has been 
induced or grea t l y accelerated by mining a c t i v i t y i n the area. The 
geochemlcal evidence implies c i r c u l a t i o n to a depth of 1.1 km and 
therefore the existence of h y d r a u l l c a l l y e f f e c t i v e fractures I n the 
Carmenellis at these depths are i n f e r r e d . 
At present there i s a l i m i t e d understanding of the behaviour a t 
depth of arrays of rock f r a c t u r e s , of the paths and rates of f l u i d 
migration, of the permeability of c r y s t a l l i n e rocks. The e f f e c t s of 
joint-systems i n r e l a t i v e l y homogeneous granite at depth, and t h e i r 
present con t r i b u t i o n to groundwater migration i s l i t t l e known. Any 
interconnections between the shallow water c i r c u l a t i o n system i n 
weathered granites and that of the deeper c i r c u l a t i o n system of the 
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granite mass, are of great Importance and, as yet, are not documented. 
Any knowledge concerning the water movement and i t s r e l a t i v e rate 
through zones of weathered gran i t e , may aid i n determining the 
effectiveness of a c r y s t a l l i n e mass as a whole, to store, transmit and 
discharge water. Such hydrogeological information w i l l be useful not 
only for the radioactive waste repository investigations and c i v i l 
engineering concerns, but also as a basis f o r assessing the 
groundwater resource of a c r y s t a l l i n e ( g r a n i t e ) region. 
As a summary of the previously discussed f a c t o r s , i t i s apparent 
from the l i t e r a t u r e survey that there i s a lack of documented 
investigations on the water resources of granites and associated 
weathered zones. This d e f i c i t appears to be due mainly to the f a c t 
that large supplies of groundwater can be obtained from the 
sedimentary aquifers of the Permo-Trlas and Cretaceous formations, 
along w i t h subsidiary minor sedimentary horizons as indicated I n Table 
1:1. Consequently, I t i s on these aquifers that the major 
hydrogeological investigations f o r groundwater supplies have been 
concentrated over the l a s t decade* 
More recent developments of water supplies from a l l u v i a l aquifers 
have become an important Issue, but as yet l i t t l e work has been 
conducted on g r a n i t i c regions of t h i s country f o r p o t e n t i a l water 
supply resources. This present i n v e s t i g a t i o n hopes to remedy t h i s 
s i t u a t i o n . 
1:3 Aims and Objectives 
The primary aim of t h i s i n v e s t i g a t i o n i s to determine the 
hydrogeological characteristics of decomposed materials i n granite 
valleys using a small drainage basin on south west Dartmoor. The 
Narrator Brook Is t y p i c a l of many valleys on the Dartmoor granite and 
other granites of south west England. 
One of the intentions of t h i s present i n v e s t i g a t i o n i n the 
Narrator Valley i s to accrue data on the tran s m i s s i v i t y and hydraulic 
conductivity of the weathered granite aquifer. Such information may 
act as a guideline i n future hydrogeological assessments of weathered 
c r y s t a l l i n e aquifers. Aquifer c h a r a c t e r i s t i c s derived from the 
Narrator Brook may be of relevance to other areas of c r y s t a l l i n e rock 
i n the B r i t i s h I s l e s , i n addition to those i n other temperate 
environments. 
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Some of the more s p e c i f i c aims of t h i s I n v e s t i g a t i o n are 
summarised as follows: 
(1) a study i s made of groundwater l e v e l f l u c t u a t i o n s i n order 
to assess groundwater behaviour i n a weathered granite 
aquifer. Such results may be useful i n an attempt to 
predict f u r t h e r groundwater conditions, and may also provide 
some basic generalisations on groundwater conditions i n 
weathered sequences, which may be extrapolated to other 
regions; 
( i i ) to assess the time taken to transmit recharge to the 
watertable through the unsaturated zone; 
( i l l ) to determine hydraulic co n d u c t i v i t y , porosity, 
transmissivity and storage values, representative of a 
weathered c r y s t a l l i n e aquifer; 
( i v ) to determine the nature and thickness of the saturated 
horizons, and depth to s o l i d bedrock; 
(v) to delineate recharge and discharge areas; 
( v i ) to determine the d i r e c t i o n of groundwater movement and the 
extent of hydraulic c o n t i n u i t y between surface and 
subsurface systems; 
( v i i ) to assess the degree of success with which watertable 
observations i n a portion of the aquifer, (under more 
detai l e d i n v e s t i g a t i o n ) may be used to detect changes on 
storage i n the Narrator Brook aquifer as a whole. 
The p o t e n t i a l of an aquifer i n weathered granite as a lo c a l i s e d 
water pocket to augment public supplies i n times of severe drought, i s 
also an element under consideration. As t h i s i s the f i r s t attempt to 
examine groundwater resources i n the Narrator Brook Catchment, i t i s 
f e l t that t h i s project w i l l f u l f i l l i t s main objectives i f some 
i n i t i a l parameters of the groundwater regime can be I d e n t i f i e d . 
1:3:1 Broader Terms of Reference f o r Hydrogeological Investigations 
i n Weathered Granites 
I t can be seen that hydrogeological knowledge, concerning the 
occurrence and d i s t r i b u t i o n of groundwater i n igneous rocks, i s 
desirable i n an attempt to assess the usefulness of a p o t e n t i a l 
aquifer i n a weathered granite area* Such Information also has 
important Implications f o r the design, and construction of c i v i l 
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engineering structures, such as reservoirs, which again have a special 
significance i n south west England. 
The importance of hydrogeologlcal Investigations i n small 
weathered granite catchments i n south west England, can best be seen 
i n r e l a t i o n s h i p to water supply, waste disposal, mining and geothermal 
f i e l d s of i n t e r e s t . The hydrogeological properties of an area form 
the basis on which designs f o r dam construction, waste disposal and 
mining projects r e s t . 
1:3:2 Groundwater Supply In the South west 
Much of south west England i s underlain by Devonian and 
Carboniferous slates and shales of low porosity and permeability. 
Their generally small yields to wells and boreholes depend l a r g e l y on 
the presence of fissures which according to Edmonds et a l . (1975) are 
best developed where these rocks have been 'baked' by the i n t r u s i v e 
granites, or are affected by f a u l t i n g . Such f i s s u r e systems are 
rarely w e l l interconnected so supplies commonly diminish or f a i l i n 
dry summers. 
Edmcnds et a l • (1975) refer b r i e f l y to water occurring i n the 
fissures of the g r a n i t e , and notes the low permeabilities of the fresh 
rock. Mention i s made that weathering of granite may extend to a 
depth of 15 m or more, and where i t does so good supplies of s o f t acid 
water can be obtained from these horizons. These authors allude to 
even more favourable conditions f o r water supplies from granite where 
the weathered rock i s overlain by d r i f t . Apart from t h i s b r i e f 
mention of water supplies from g r a n i t i c areas i n the South west there 
i s a paucity of l i t e r a t u r e on t h i s issue a point discussed more f u l l y 
i n sections 1:1:3, 1:1:5 and 1:2:5. 
Small quantities of hard water are obtained from the Devonian 
limestones near Newton Abbot, Torquay and Plymouth. 30 Ml day~^ are 
obtained from the narrow a l l u v i a l aquifer i n the Dart Valley near 
Totnes, but as yet t h i s constitutes the only productive a l u v i a l s i t e 
i n South west England. The breccias and sandstones of Permian and 
Triasslc age constitute the most important aquifer i n the South west 
at the present time. The water-bearing Otter sandstones are being 
developed f o r municipal supplies i n the Otter Valley east of Exeter. 
Large areas of east Devon and west Somerset are underlain by the 
thick impermeable Mercia Mudstone Group (Keuper Marl) and Lower 
Llassic clays, from which no commercial supplies are obtainable. 
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i o u t h west Water i n Cornwall, north and south west Devon, and west 
Somerset, draw most of t h e i r supplies from surface water. These are 
mainly from reservoirs and r i v e r intakes. 
1:3:3 Surface Water Supplies i n the South West 
The presence of a number of storage reservoirs r e f l e c t s the 
demand made on surface water for public water supply i n south west 
England. There are 27 such reservoirs i n Devon and Cornwall, covering 
a t o t a l area of greater than 8 km^. The largest of these i s 
Wimbleball (1.51 km^) capacity 19,500 Ml on the Devon/Somerset border; 
Stlthians (I.10 km^) capacity 5202 Ml north of Helston i n Cornwall i s 
the second largest; and Burrator Reservoir, Devon (0.60 km^) capacity 
4210 Ml subject of t h i s present i n v e s t i g a t i o n , being the t h i r d 
largest. A l l large centres of population i n south west England, 
except Exeter, depend almost wholly on r i v e r intakes and reservoir 
supplies. 
1:3:2 Dam Construction 
The main problems which arise due to the creation of a reservoir 
are related to (1) the construction of the dam; (11) the assessment of 
the water tightness of the reservoir basin; and ( i l l ) the recognition 
of leaky zones and the extent of any p o t e n t i a l leakage i n the basin. 
I n south west England there are special questions which arise i n 
r e l a t i o n to the p r i n c i p l e of constructing reservoirs and factors 
Involved i n t h e i r l o c a t i o n . As there are few aquifers of 
significance, i t seems inevitable that the summer demand can, 
according to K n i l l (1972)4, only be supplied by storage i n reservoirs. 
The physiography of south west England I s such that water may be best 
supplied from a series of small reservoirs rather than a single major 
source. Since the areas of high r a i n f a l l rates are a t t r i b u t e d to the 
granite massifs, these are deemed suitable locations f o r storage 
reservoirs. 
As a l l natural materials have a f i n i t e permeability, the question 
as to whether seepage or leakage w i l l take place around a dam i s 
determined by the groundwater conditions and s p e c i f i c a l l y the 
hydraulic gradient i n the region. In consequence, the pre-existing 
groundwater conditions are of considerable importance i n the 
assessment of reservoir watertightness. In south west England the 
reservoir basins are l i k e l y to be founded on g r a n i t e , and very l i t t l e 
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published material i s available concerning s p e c i f i c hydrogeological 
det a i l s of e i t h e r fresh or weathered materials. 
The assessment of seepage from reservoirs can be best derived i n 
the f i r s t instance from a knowledge of the groundwater flow pattern 
and d i s t r i b u t i o n of groundwater pressures. On the flanks of a 
reservoir, four general groundwater conditions may be recognised, as 
suggested by K n i l l (1972)band outlined b r i e f l y below to emphasise the 
importance of hydrogeological investigations i n t o the groundwater 
regime of granite catchments: 
1. Watertable and piezometric conditions i n the groundwater 
system are In excess of the top water l e v e l (of the proposed 
r e s e r v o i r ) . 
2. Watertable, but not the piezometric conditions at depth are 
i n excess of the top water l e v e l . 
3. Both the watertable and the piezometric conditions are less 
than the top water l e v e l , but higher than the reservoir 
f l o o r . 
4. The watertable i s depressed below the base of the 
reservoir. 
I t can be seen that the detailed knowledge of groundwater 
conditions i n a p o t e n t i a l reservoir basin i s of considerable 
importance not only because of the reservoir, but also because of 
implications on the design of groundwater c o n t r o l measures and cut-
o f f s at the dam s i t e . 
1:3:5 Waste Disposal Interests 
A regional example of the necessity of determining groundwater 
conditions f o r dam construction on granite areas i s afforded by the 
Kernlck Dam. This i s located North of St. A u s t e l l i n Cornwall. The 
dam i s designed to r e t a i n mtcaeous residues from the China Clay mining 
operations, only allowing clear water to flow i n t o the l o c a l r i v e r 
systems (Anon. 1974). Although the Kernick Dam i s required to drain 
o f f water as quickly as possible, whereas a water-retaining dam i s 
required to impound i t , knowledge of the s i t e hydrogeological 
conditions are j u s t as Important. 
Existing records of boreholes sunk f o r mineral prospecting showed 
the bedrock to consist of metamorphic and sedimentary rocks of lower 
Devonian age i n the south west part of the Kernick s i t e , ( I l l s l e y 
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^ a l . 1976). A wrench f a u l t crossed the l i n e of the dam but the 
f a u l t zone was found to be reasonably t i g h t . The s u p e r f i c i a l deposits 
consisted of sandy gravels containing a variable proportion of clay 
which were p a r t i a l l y a l l u v i a l and p a r t l y s o l l f l u c t i o n i n o r i g i n . 
During flood tests on the f i r s t stages of the Rernick Dam (now 
b u i l t ) , 47.32 m^  sec"^ were pumped i n and a s u r p r i s i n g l y high loss was 
encountered. Water escape, through the j o i n t e d granite v a l l e y base 
beneath the mica residues was at an estimated 0.19 m^  sec"^. This 
discharge found i t s way i n t o the next v a l l e y g i v i n g artesian back 
pressures i n the va l l e y gravels, (Brlstow, pers. comm. 1980). A lag 
time of three days was noted f o r the artesian e f f e c t to become 
apparent, and 20 days from t r i t i u m measurements i n the test waters. 
From t h i s isolated example i t can be seen that adequate knowledge 
concerning the hydrogeologlcal c h a r a c t e r i s t i c s of decomposed granites 
i s essential. Inferred properties from one area may well be useful i n 
the assessment of dam sites and waste disposal Int e r e s t s i n other 
decomposed granite zones i n the South West region. 
1:3:6 Mining and Geothermal Interests 
Hydrogeologlcal knowledge on granite and weathered granite areas 
have other uses besides those d i r e c t l y related to groundwater 
resources and reservoir construction conditions. Such information, i f 
available on s p e c i f i c areas, may be h e l p f u l i n mining operations. 
Hemerdon B a l l l i e s on the south west edge of Dartmoor, 1.5 km outside 
the National Park boundary. I t has been the s i t e of mining a c t i v i t y 
since at least the 19th century when underground operations were 
designed to e x p l o i t t i n , copper and arsenic lodes. Local mining 
a c t i v i t y i s cu r r e n t l y r e s t r i c t e d to the e x p l o i t a t i o n of the kaolinised 
granite to the north and east of Hemerdon. At present Amax 
Exploration U.K. are on s i t e evaluating the country's largest known 
tungsten deposit. Since 1977 500 boreholes t o t a l l i n g 25,000 m have 
been d r i l l e d i n t o the granite and surrounding R i l l a s . Information 
concerning the permeability and porosity of the granite and associated 
weathered zones, and the d i s t r i b u t i o n and l i k e l y amounts of 
c i r c u l a t i n g water are required to assess dewatering operations f o r 
deep mining schemes i n the area, (Jones pers. comm. 1980). 
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With the advent of p o t e n t i a l geothermal energy sources from the 
Cornish granites, (Bachelor and Pearson 1979), there i s an increased 
demand f o r hydrogeological studies on the granites i n south west 
England. The heat Is contained i n a mass of g r a n i t e , l i k e the 
Carnmenellis granite and can only be l i b e r a t e d by cooling the rock. 
The natural hot springs (43*C) of South Crofty mine i n Cornwall are 
formed by fresh water that c i r c u l a t e s through fissures and extracts 
the heat over many square metres (Bachelor and Pearson 1979). The 
most sa t i s f a c t o r y method f o r heat ex t r a c t i o n i s the creation of a zone 
of broken rock so that water can permeate i t with ease. Knowledge of 
the presence and m o b i l i t y of water i n the granite masses under 
observation f o r these types of investigations are desirable. From 
current research on the Carnmenellis granite the deep c i r c u l a t i o n of 
water seems to be l i m i t e d to depths of 2000 m with residence times of 
20-30 years. This flow i s i n the j o i n t s and the geochemistry appears 
to be related to a water/granite system. On t h i s basis i t i s u n l i k e l y 
that the c i r c u l a t i o n of water i n a Hot Dry Rock system w i l l produce 
major t o x i c i t y hazards (Bachelor, pers. comm. 1980). 
1;A Conclusions 
The best chance of f i n d i n g water i n a granite region i s where the 
granite i t s e l f i s covered by a t h i c k layer of weathered material, 
specially i f t h i s overlies a depression i n the weathered gran i t e , 
which i s I t s e l f intersected by a we l l developed j o i n t system. Where 
there i s s u f f i c i e n t permeability i n the weathered and disintegrated 
g r a n i t e , groundwater I s l i k e l y to be contained i n a manner comparable 
with that I n rocks having I n t e r s t i t i a l porosity. 
Such p o t e n t i a l aquifers have never been held In a favourable 
l i g h t since l i t t l e i s known about the hydraulic and water-yielding 
properties of weathered granite areas, or of massive granite zones. 
I t seems l i k e l y that such supplies would only be small-time concerns 
for i n t e r m i t t e n t use i n times of severe drought, and the expense of 
developing such isolated sources may be p r o h i b i t i v e . Perhaps they 
could be Incorporated i n t o the water d i s t r i b u t i o n net work i n a 
si m i l a r way to a l l u v i a l aquifer resources as envisaged by Monkhouse 
(1978) and Jeffcoate (1977). Certainly these two types of 
unconsolidated materials have s i m i l a r i t i e s ; both weathered granite and 
•4 
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a l l u v i a l d e p o s i t s being o f l i m i t e d l a t e r a l e x t e n t ; sometimes 
l e n t i c u l a r I n d i s p o s i t i o n ; of r e s t r i c t e d depth; and w i t h a g r e a t 
v a r i a t i o n i n h y d r a u l i c p r o p e r t i e s . 
I t i s f e l t , however, t h a t i n regions such as south west England, 
which has severe water-supply problems, p a r t i c u l a r l y i n the summer 
months w i t h i t s huge seasonal i n f l u x o f t o u r i s t s , t h a t any p o t e n t i a l l y 
a v a i l a b l e source should be I n v e s t i g a t e d . Indeed, s m a l l sources c o u l d 
prove I n v a l u a b l e i n t h i s r e g i o n , e s p e c i a l l y i f drought c o n d i t i o n s such 
as experienced i n 1976 occur again. That t h i s groundwater 
i n v e s t i g a t i o n has been i n s t i g a t e d f u l f i l l s one o f the o b j e c t i v e s o f 
t h i s research p r o j e c t , and t o c l a r i f y f u r t h e r o b j e c t i v e s the major 
aims are developed i n the ensuing chapters as summarised below: 
Chapter 2 "The Hydrogeological Basis" 
This deals w i t h the bedrock geology i l l u s t r a t i n g the 
d i f f e r e n c e s between s o l i d u n a l t e r e d g r a n i t e and the 
decomposed g r a n i t e s c o n s i s t i n g o f c h e m i c a l l y and 
p h y s i c a l l y weathered m a t e r i a l s i n a s s o c i a t i o n w i t h 
h y d r o t h e r m a l l y a l t e r e d g r a n i t e s . P h y s i c a l p r o p e r t i e s 
of the N a r r a t o r Brook Catchment are o u t l i n e d i n 
c o n j u n c t i o n w i t h h y d r o l o g l c a l f e a t u r e s , and the 
r e s u l t i n g groundwater and surface water 
c h a r a c t e r i s t i c s are discussed. D r i l l i n g i n the 
catchment area, i n as much as I t r e l a t e s t o the 
h y d r o g e o l o g i c a l p r o p e r t i e s o f the decomposed g r a n i t e , 
i s a l s o discussed i n t h i s chapter. 
Chapter 3 "The Data C o l l e c t i o n Network i n the N a r r a t o r Brook -
F i e l d and Laboratory Techniques" 
This chapter deals e x c l u s i v e l y w i t h the experimental 
design and the r e s u l t a n t implementation o f the data 
c o l l e c t i o n network. The emphasis on the type o f data 
c o l l e c t e d from t h i s catchment, i s biased towards the 
a c q u i s i t i o n o f h y d r o g e o l o g i c a l p r o p e r t i e s which may be 
r e p r e s e n t a t i v e of weathered g r a n i t e a q u i f e r s 
elsewhere. 
Chapter 4 "Discharge C h a r a c t e r i s t i c s i n the N a r r a t o r Brook 
Catchment" 
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since s u r f a c e water and groundwater regimes are 
I n t e r r e l a t e d , the a n a l y s i s o f stream f l o w data w i l l 
p r o v i d e v a l u a b l e I n f o r m a t i o n r e g a r d i n g the groundwater 
component I n a weathered g r a n i t e catchment. This 
chapter deals w i t h stream f l o w sources» discharge 
measurementy hydrograph a n a l y s i s , groundwater 
r e c e s s i o n , a c t i v e storage, the e x t e n t o f the h y d r a u l i c 
c o n t i n u i t y between the stream and the a q u i f e r , and 
presents a t e n t a t i v e water balance f o r the N a r r a t o r 
Brook Catchment. 
Chapter 5 "Groundwater F l u c t u a t i o n s i n the N a r r a t o r Brook 
Catchment" 
I t was considered t h a t some o f the h y d r o g e o l o g l c a l 
p r o p e r t i e s o f the weathered g r a n i t e a q u i f e r I n the 
N a r r a t o r Brook V a l l e y could be assessed through the 
m o n i t o r i n g o f groundwater l e v e l f l u c t u a t i o n s . This 
chapter presents an a n a l y s i s of the water l e v e l data 
c o l l e c t e d d u r i n g the research p e r i o d I n the form o f 
groundwater contour maps; s t a t i s t i c a l a n a l y s i s of 
water l e v e l s , s o i l moisture and h y r o m e t e o r o l o g l c a l 
parameters; and a d i s c u s s i o n o f such r e s u l t s i n 
c o n j u n c t i o n w i t h other f a c t o r s p a r t i c u l a r t o the 
Na r r a t o r Brook which may I n f l u e n c e the groundwater 
regime. 
Chapter 6 "A q u i f e r P r o p e r t i e s i n the N a r r a t o r Brook Catchment" 
The techniques u t i l i s e d and the data c o l l e c t e d i n an 
attempt t o d e r i v e a q u i f e r p r o p e r t i e s f o r weathered 
g r a n i t e areas, are o u t l i n e d i n t h i s chapter. The use 
of pump t e s t s and s l u g t e s t s i n d e r i v i n g h y d r a u l i c 
c o n d u c t i v i t y and t r a n s m i s s l v i t y of weathered g r a n i t e 
m a t e r i a l s are assessed i n the l i g h t o f c o n d i t i o n s i n 
the N a r r a t o r Brook. 
Chapter 7 "Chemistry of Groundwater i n the N a r r a t o r Brook 
Catchment" 
The groundwater chemistry of a weathered g r a n i t e 
a q u i f e r I s presented and discussed i n the l i g h t of 
det e r m i n i n g the d i r e c t i o n and t r a n s i t time o f 
groundwater recharge. Recharge and discharge areas as 
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d e l i n e a t e d I n Chapter 5 are s u b s t a n t i a t e d by the 
geochemistry. 
Chapter 8 "The P o t e n t i a l o f the N a r r a t o r Brook A q u i f e r , Summary 
and Conclusions" 
The p o t e n t i a l o f weathered g r a n i t e a q u i f e r s as 
i l l u s t r a t e d by s t u d i e s i n the N a r r a t o r Brook are 
summarised and discussed. Recommendations f o r f u t u r e 
work r e l e v a n t t o weathered g r a n i t e a q u i f e r s are a l s o 
presented. 
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Chapter 2 
The H y d r o g e o l o g i c a l Basis 
2:1 I n t r o d u c t i o n 
Although t h i s I n v e s t i g a t i o n i s based p r i m a r i l y on o b s e r v a t i o n s i n 
the N a r r a t o r Brook catchment, south west Dartmoor, i t i s considered 
important to review f a c t o r s r e l a t i n g t o the h y d r o g e o l o g i c a l c o n d i t i o n s 
p r e v a i l i n g i n a l l g r a n i t e areas of south west England. This serves 
the dual purpose of p r o v i d i n g supplementary data on probable 
c o n d i t i o n s w i t h i n the N a r r a t o r catchment i n a d d i t i o n t o demonstrating 
the degree to which the N a r r a t o r catchment may be taken as 
r e p r e s e n t a t i v e of other v a l l e y s on the g r a n i t e s of south west England. 
I t i s i n t h i s l i g h t t h a t the r e s u l t s from the N a r r a t o r catchment may 
provide a basic model of groundwater f l o w c o n d i t i o n s and h y d r a u l i c 
p r o p e r t i e s i n weathered g r a n i t e a q u i f e r s . 
According to Dixey (1950), the g e o l o g i c a l c h a r a c t e r o f an area 
l a r g e l y determines the p a t t e r n of water supply. Since the present 
emphasis i s on p o t e n t i a l groundwater resources, the d i s c u s s i o n here 
w i l l focus on those f a c t o r s r e l a t e d to a q u i f e r s , a l t h o u g h some 
parameters may be r e l e v a n t t o both surface water and groundwater 
resources. 
Parameters such as p o r o s i t y , p e r m e a b i l i t y , h y d r a u l i c c o n d u c t i v i t y 
and s a t u r a t e d thickness of an a q u i f e r are r e l a t i v e terms, dependant on 
l o c a l c o n d i t i o n s . This n e c e s s i t a t e s a d e t a i l e d assessment of the 
g e o l o g i c a l p r o p e r t i e s of the m a t e r i a l u n d e r l y i n g a catchment, and 
subsequent c o n s i d e r a t i o n s o f t h e i r h y d r o g e o l o g i c a l i m p l i c a t i o n s i n a 
groundwater i n v e s t i g a t i o n . T h i s i s achieved through an I n i t i a l 
examination of the geology o f an area as a whole, t o b r i n g any 
problems i n t o p e r s p e c t i v e . 
As i l l u s t r a t e d I n Figure 2:1, the Dartmoor N a t i o n a l Park i n c l u d e s 
the whole of the g r a n i t e outcrop and i t s associated metsimorphic 
aureole w i t h i t s r i c h m i n e r a l zone, set w i t h i n a v a r i e d assemblage of 
sedimentary rocks. For the purpose of t h i s study 'Dartmoor' w i l l 
r e f e r to the g r a n i t i c i n t r u s i o n alone, and 'the catchment' w i l l r e f e r 
to the N a r r a t o r Brook expe r i m e n t a l catchment as used by the Department 
of Geographical Sciences, Plymouth Polytechnic,. Devon. 
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2:1:1 S o l i d Geology 
The g r a n i t e s of south west England occur as s i x l a r g e outcrops 
l y i n g on a continuous sub-surface ' r i d g e ' t r e n d i n g west-south-west 
from Dartmoor, t o the I s l e s of S c l l l y , Figure 2:2. Dartmoor i t s e l f i s 
a cupola of a d a m e l l i t i c g r a n i t e composed of se v e r a l d i s t i n c t i v e rock 
types. S t r u c t u r a l l y i t may be an asymmetric l a c c o l i t h , i n which the 
magma appears t o have r i s e n s t e e p l y from the south, from a depth o f 
16—19 km, and spread northwards as a sheet whose bottom surface I s 
about 9.5 km below ground l e v e l (Edmonds et a l . , 1975). 
G r a v i t y measurements by Bo t t e t a l . (1958) suggested t h a t the 
southern slopes of the cupola are steeper than t h e i r n o r t h e r n ones, 
and l a t e r work by Dearman (1964) v e r i f i e s t h i s . The g r a n i t e s of Devon 
and Cornwall have age d e t e r m i n a t i o n s , from I s o t o p i c methods, of 295 
m i l l i o n years o l d , ( F i t c h and M i l l e r , 1964; M i l l e r and Mohr, 1964). 
Dan g e r f i e l d and Hawkes (1969) suggested t h a t these g r a n i t e i n t r u s i o n s 
occurred d u r i n g the Upper Carboniferous thus agreeing w i t h F i t c h and 
M i l l e r (1964) and M i l l e r and Mohr (1964). 
The Dartmoor p l u t o n I s composed e s s e n t i a l l y of two g r a n i t e types 
termed by Hawkes (1968) the 'Big Feldspar G r a n i t e ' , which i s 
equ i v a l e n t t o the 'Giant G r a n i t e ' of Brammall and Harwood (1923), and 
the 'Poorly Megacrystic G r a n i t e ' which i s e q u i v a l e n t t o the 'Blue 
G r a n i t e ' of Brammall and Harwood (1923). The 'Giant G r a n i t e ' o v e r l i e s 
the 'Blue G r a n i t e ' and has been i n t e r p r e t e d as a marginal f a d e s by 
Hawkes and Chaperlin (1966). Bramall and Harwood (1932) suggested 
th a t the Dartmoor magma was I n t r u d e d as two sheets, an upper one o f 
'Giant G r a n i t e ' which forms most of the t o r s and i s c h a r a c t e r i s e d by 
la r g e r e c t a n g u l a r f e l d s p a r c r y s t a l s ; and a lower one of 'Blue G r a n i t e ' 
which i n t r u d e d the upper sheet and contains fewer and smaller 
raegacrysts. 
These two types of g r a n i t e are Important i n the l i g h t o f t h i s 
I n v e s t i g a t i o n since they e x h i b i t d i f f e r i n g p e t r o g r a p h l c and s t r u c t u r a l 
f e a t u r e s which may have some bearing on t h e i r water t r a n s m i t t i n g 
c h a r a c t e r i s t i c s . The g i a n t g r a n i t e i s more massive and i t s major 
d i v i s i o n a l planes are w e l l developed w i t h w i d e l y spaced v e r t i c a l 
j o i n t s , o f t e n 3.6 m a p a r t , w i t h almost e q u a l l y w e l l developed pseudo-
bedding planes 1.5 m a p a r t . The c l o s e r set pseudo-bedding planes are 
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FIGURB 2:2 
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minor f e a t u r e s which although c o n t r o l l i n g surface e t c h i n g , according 
to Edmonds e t a l . (1975), do not p e n e t r a t e f a r i n t o t he r o c k . 
The blue g r a n i t e , which I s f i n e r - g r a i n e d n e a r l y n o n - p o r p h y r i t i c , 
w i t h l i t t l e b i o t i t e , i s d i v i d e d by s e v e r a l sets of c l o s e l y spaced 
v e r t i c a l j o i n t s . These d e f i n e prisms or columns, the faces of which 
have been l i t t l e a f f e c t e d by e t c h i n g . The average chemical 
composition of the g r a n i t e s are o u t l i n e d i n Table 2:1 which summarises 
the geochemical analyses of Brammall and Harwood (1923), and Al-Saleh 
et a l , (1977). 
Table 2:1 Average Chemical Composition of Dartmoor Granites (%) 
Ions Big 
Feldspar 
* 
Giant 
Granite 
** 
Poorly 
Megacrystic 
* 
Blue 
G r a n i t e 
SiO 72.3 71.56 74.6 74.77 
Al 0 13.6 14.08 12,7 13.33 
K 0 5,49 4.87 4.79 4.75 
Na 0 2.91 3.01 3.24 2.87 
FeO 1,74 2.21 1.11 1.38 
H 0 1,23 0.88 0.95 0.90 
Fe 0 1,17 0.55 0.67 0.44 
CaO 0.92 1.55 0.50 0.63 
MgO 0.50 0.60 0.22 0.47 
TIO 0.40 0,42 0.17 0.20 
P 0 0.19 0.21 0.20 0.18 
MnO 0.06 0.06 0.05 0,08 
L i 0 0.06 — 0.10 -
* Al-Saleh, Fuge and Rea (1977) 
** Brammall and Harwood (1923) 
The Dartmoor g r a n i t e c o n s i s t s o f q u a r t z , p e r t h i t i c o r t h o c l a s e 
f e l d s p a r , p l a g i o c l a s e f e l d s p a r , b i o t i t e mica w i t h secondary muscovlte 
mica being l o c a l l y present. The commonest accessory c o n s t i t u e n t s are 
tourmaline, z i r c o n and a p a t i t e . C o r d i e r i t e and a n d a l u s i t e occur a t 
the edges of the g r a n i t e s and are l i k e l y t o be the r e s u l t o f 
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contamination of the magma by a r g i l l a c e o u s c o u n t r y rocks now forming 
the metamorphic aureole. 
More s p e c i f i c a l l y , work c a r r i e d out on the Swlncombe and Huccaby 
g r a n i t e s (4.5 km N.E. of B u r r a t o r ) by Morton ( p e r s . comm. June 1978) 
showed t h a t these g r a n i t e s were of the coarse-grained 'Giant G r a n i t e ' . 
At these two l o c a t i o n s the g r a n i t e s were composed of l a r g e (up to 
10 cm) phenocrysts of f e l d s p a r , w i t h quartz and b i o l i t e mica. 
Muscovite was present w i t h tourmaline as an accessory, and on the 
whole the g r a n i t e was found t o be more l i m e - r i c h than the o t h e r 
southwest g r a n i t e s , w i t h l e s s muscovlte and more p l a g l o c l a s e 
f e l d s p a r . 
According t o Morton ( p e r s . comm. 1978) the Dartmoor g r a n i t e i s 
less a l t e r e d by hydrothermal a c t i o n than the o t h e r g r a n i t e s i n south 
west England. This i s p a r t l y due to i t s composition, b l o t l t e and 
pl a g l o c l a s e being more e a s i l y a l t e r e d than muscovlte and o r t h o c l a s e . 
There a r e , t h e r e f o r e , r e l a t i v e l y few elv a n s , g r e l s e n veins and 
k a o l l n l s e d seams I n the g r a n i t e . 
The sediments which the g r a n i t e i n t r u d e s are only s l i g h t l y 
metamorphosed Upper Devonian d e p o s i t s , but a t the end o f the p e r i o d o f 
I n t r u s i o n a bu r s t of low-temperature a c t i v i t y produced r i c h 
m i n e r a l i s a t i o n . This r e s u l t e d I n l a r g e d e p o s i t s of t i n , a r s e n i c , 
copper, i r o n , wolfram, quartz and f l u o r s p a r . T i n was mined i n the 
upper reaches of the N a r r a t o r Brook v a l l e y , and such a c t i v i t i e s and 
t h e i r h y d r o g e o l o g i c a l i m p l i c a t i o n s i n the catchment are discussed i n 
s e c t i o n 2:3:9. 
The probable underground shape of Dartmoor suggests t h a t the 
present high t o r s l i e near the top of the l a c c o l i t h . The t a b u l a r 
j o i n t s , t y p i c a l of most t o r s may p a r a l l e l the r o o f o f the i n t r u s i o n or 
st r e s s surfaces i n the c o n s o l i d a t i n g magma. Although the j o i n t s 
commonly appear t o f o l l o w the topography i t i s u n l i k e l y according t o 
Edmonds' ^(1969) t h a t they are a product of weathering, A number of 
authors (Brunsden 1964; O i l i e r 1969) however, do a t t r i b u t e the 
h o r i z o n t a l j o i n t s of the t o r s t o pressure-release or d i l a t a t i o n 
processes brought about by the removal of overburden by e r o s i o n . 
So f a r , the term decomposed g r a n i t e has been used t o d i s t i n g u i s h 
incoherent c r y s t a l l i n e m a t e r i a l s from s o l i d g r a n i t e . This term 
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includes chemically and p h y s i c a l l y weathered g r a n i t e s , and the 
a l t e r a t i o n and subsequent breakdown o f the c r y s t a l l i n e mass due t o 
hydrothermal processes. The s p e c i f i c types of a l t e r a t i o n of the 
c r y s t a l l i n e g r a n i t e mass are i n d i v i d u a l l y assessed since each process 
r e s u l t s i n increased p e r m e a b i l i t y and water t r a n s m i t t i n g p r o p e r t i e s of 
the g r a n i t e . 
2:1:2 A l t e r a t i o n of the Granite 
During the f i n a l stages of c o o l i n g at depth, the g r a n i t e gave o f f 
a c t i v e s o l u t i o n s and v o l c a n i c gases above t h e i r c r i t i c a l temperatures, 
i n c l u d i n g volumes of f l u o r i n e and boron, along w i t h sulphur d i o x i d e , 
superheated steam and carbon d i o x i d e . Changes brought about by the 
a c t i o n of hot gaseous substances, o t h e r than water, associated w i t h 
igneous a c t i v i t y are known as pneumatolysis. The d i s t i n c t i o n between 
t h i s process and hydrothermal processes i s l a r g e l y a r b i t r a r y , but the 
d i s t i n c t i o n i s u s e f u l i n terms of the s p e c i a l i s e d m i n e r a l s and rock 
types produced. 
The commonest v o l a t i l e s i n v o l v e d i n pneumatolysis are f l u o r i n e , 
h y d r o f l u o r i c a c i d , and boron f l u o r i d e s . Other substances may l o c a l l y 
be present g i v i n g r i s e t o unusual m i n e r a l o g i e s . Pneumatolysis i s a 
process associated w i t h a l a t e stage i n the c o o l i n g o f an igneous mass 
and may t h e r e f o r e a f f e c t both the country rock and the main mass o f 
igneous m a t e r i a l . The development o f the b o r o s i l l c a t e s such as 
tourmaline may occur i n both g r a n i t e s and thermal metamorphic 
aureoles. Three main pneumatolytic processes may be recognised: 
T o u r m a l i n i s a t i o n , Greisening and ore m i n e r a l i s a t i o n , 
( i ) I n t o u r m a l i n i s a t i o n , b o r i c vapours a l t e r e d the g r a n i t e and 
adjacent calcareous muds and limestones, and p a r t l y 
converted them t o a x i n i t e and garnet rock. The f e l d s p a r s 
and micas are replaced by tou r m a l i n e , 
( i i ) I n g r e i s e n i n g the f e l d s p a r s are replaced by pseudo-morphous 
aggregates of quartz and muscovite, 
( i i i ) T i n and wolfram are ore minerals found i n the south west 
g r a n i t e s a t t r i b u t a b l e t o pneumatolytic o r i g i n , but may a l s o 
commonly be found i n environments thought t o be produced by 
hydrothermal processes* 
Hydrothermal processes are associated w i t h igneous a c t i v i t y which 
i n v o l v e heated or superheated water. K a o l i n i s a t i o n i s the most 
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important hydrothermal process, r e s u l t i n g i n the p r o d u c t i o n o f the 
c l a y m i n e r a l k a o l i n from the f e l d s p a r s i n g r a n i t e . A l l g r a n i t e masses 
I n the south west are k a o l l n l s e d i n p a r t s which Exley (1958) 
a t t r i b u t e d t o hydrothermal a l t e r a t i o n s e f f e c t e d by movement o f a c i d 
s o l u t i o n s along j o i n t s . 
I n k a o l i n i s a t l o n the p r i n c i p a l changes i n the g r a n i t e take place 
at the expense of the f e l d s p a r s . Charoy (1975) suggested t h a t 
k a o l i n i s a t l o n can be v i s u a l i s e d simply as a s t r o n g removal o f a l k a l i s 
and the p r o d u c t i o n of s i l i c a accompanied by a s t r o n g h y d r a t i o n . The 
r e a c t i o n can be expressed as 
2 o r t h o c l a s e + 2H+ + HjO -»• 
1 k a o l l n i t e + 4S102 + 2Kt (Na+) 
The d e s t r u c t i o n o f f e l d s p a r produces Important q u a n t i t i e s o f 
s i l i c a . Observations i n B r i t t a n y (Charoy 1975) suggested t h a t such 
a l t e r a t i o n took place w i t h o u t change i n volume, and the s t r u c t u r e o f 
the g r a n i t e was p e r f e c t l y conserved i n the k a o l l n i s e d rock. 
I n the south west r e g i o n I n p a r t i c u l a r , t o u r m a l l n i s a t i o n , 
g r e i s e n i n g and k a o l l n l s a t l o n processes a c t i n g c o l l e c t i v e l y on the 
g r a n i t e s break down the rock m a t r i x . Such a p h y s i c a l change i n the 
rock cohesion may l o c a l l y Increase i t s p o r o s i t y and p e r m e a b i l i t y and 
hence g i v e r i s e t o b e t t e r water t r a n s m i t t i n g f a c i l i t i e s throughout the 
g r a n i t e m a t r i x . 
2:1:3 Weathering Processes 
Workers on Dartmoor from the e a r l i e s t days, (e. g . De La Beche, 
1853) have observed and commented upon the Incoherent n a t u r e o f the 
g r a n i t e near the ground s u r f a c e . Reid (1912) and Ussher (1912) 
d i s t i n g u i s h e d two types of decay: one showing signs o f chemical 
decomposition; and one e x h i b i t i n g a predominantly mechanical 
d i s i n t e g r a t i o n . These two s t a t e s are found i n d i f f e r i n g degrees a t 
s i t e s a l l over Dartmoor, and t h e i r c h a r a c t e r i s t i c s v a r y . 
The agents of chemical weathering, carbon-dioxide and oxygen i n 
a s s o c i a t i o n w i t h water, ( o f t e n w i t h o rganic and o t h e r a c i d s ) , t o g e t h e r 
act e f f e c t i v e l y both a t surface and subsurface l e v e l s . The 
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decomposition of a g r a n i t e i s produced by an a l t e r a t i o n o f the 
fe l d s p a r s and micas. 
The f i r s t stage of decomposition i s o x i d a t i o n r e s u l t i n g i n the 
fe r r o u s oxide i n b i o t i t e mica being converted t o f e r r i c oxides on the 
rock s u r f a c e and J o i n t planes. S t a i n i n g o f the rock s u r f a c e and J o i n t 
planes t o a depth of a few cen t i m e t r e s f o l l o w s , caused by the s l i g h t 
a l t e r a t i o n o f the f e l d s p a r s and mica by h y d r a t i o n and h y d r o l y s i s . 
H y d r o l y s i s I s a chemical r e a c t i o n between the m i n e r a l s and water, 
between the H or OH ions o f water and the ions o f the m i n e r a l . 
H y d r ation i s the a d d i t i o n of water t o a m i n e r a l . This r e a c t i o n i s 
exothermal and i n v o l v e s a con s i d e r a b l e volume change ( O i l i e r 1969). 
E v e n t u a l l y the increase i n volume due t o h y d r a t i o n produces s u f f i c i e n t 
s t r e s s f o r the rock surface t o s p a l l o f f , thus o f f e r i n g f r e s h surfaces 
to the a t t a c k of water. 
The a c t u a l chemical r e a c t i o n s i n v o l v e d i n the process o f 
h y d r o l y s i s are exceedingly complex, (Lumb 1962). They can be 
i l l u s t r a t e d however, f o r present purposes by the f o l l o w i n g s i m p l i f i e d 
equation f o r the change o f potassium f e l d s p a r s ( o r t h o c l a s e ) t o 
k a o l i n i t e : 
KjO AI2O3 . 6Si02 + 3H2O 
or t h o c l a s e f e l d s p a r water 
AI2O3 . 2SIO2 . 2H2O + 4Si02 + 2 KOH 
k a o l l n t t e s i l i c a potash 
The s i l i c a and potash released by t h i s r e a c t i o n are i n c o l l o i d a l form 
and are e v e n t u a l l y removed by l e a c h i n g , r e s u l t i n g i n a net lo s s of 
volume (Lumb 1962). With f u r t h e r weathering the m i n e r a l g r a i n s are 
loosened, a l l o w i n g more r a p i d a l t e r a t i o n of the f e l d s p a r s and mica, 
w h i l e the quartz remains l a r g e l y u n a l t e r e d . The breakdown o f the 
f e l d s p a r s causes most of the calcium and sodium i n the rock t o be 
released and these elements are e v e n t u a l l y leached o u t . 
At t h i s stage i n the weathering o f g r a n i t e the p o r o s i t y increases 
r a p i d l y due t o the le a c h i n g out o f the c o l l o i d s . The q u a r t z g r a i n s , 
being u n a l t e r e d , remain i n the same s t a t e and p o s i t i o n as I n the f r e s h 
rock, so the r e s u l t i n g m a t e r i a l i n s i t u s t i l l preserves the t e x t u r e o f 
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the o r i g i n a l g r a n i t e , although i t can be excavated e a s i l y w i t h a 
shovel (Moye 1955). 
E l l u v l a t l o n of the c l a y minerals and of i r o n and c a l c i u m , may 
r e s u l t i n zones w i t h i n the weathered g r a n i t e m a t r i x possessing h i g h 
p e r m e a b i l i t y . This process was considered to be an i m p o r t a n t one by 
Brunsden (1964) but not considered t o be s i g n i f i c a n t by Eden and Green 
(1971). The downward l e a c h i n g o f c l a y m a t e r i a l s and f i n e s i l t s and 
t h e i r d e p o s i t i o n r e s u l t i n g i n l l l u v i a t e d horizons e f f e c t the p o r o s i t y 
of the r e g o l l t h I n s i t u , and r e s u l t i n t e x t u r e s w i t h a d i f f e r e n t form 
to the o r i g i n a l c r y s t a l l i n e g r a n i t e m a t r i x . 
The decomposed g r a n i t e on Dartmoor i s r e f e r r e d to as 'growan' 
(Ussher 1912). Several a u t h o r s , L i n t o n (1955), Waters (1957) and 
Brunsden (1964) a t t r i b u t e d growan l a r g e l y to chemical weathering 
processes probably o c c u r r i n g d u r i n g the T e r t i a r y era or d u r i n g 
Pleistocene I n t e r g l a c i a l s . Te Punga (1957) however a t t r i b u t e d 6 
metres of 'growan* on Bodmin Moor t o Ple i s t o c e n e f r o s t s h a t t e r i n g , and 
Palmer and Neilson (1962) suggested t h a t some of the growan found i n 
v a l l e y s I s l a r g e l y s o l l f l u c t i o n d e b r i s , Brunsden (1964) suggested 
t h a t growan owes i t s o r i g i n t o chemical and mechanical weathering 
along w i t h hydrothermal a l t e r a t i o n , since a l l forms of g r a n i t e break-
down and a l t e r a t i o n are found on Dartmoor, o f t e n i n the same 
l o c a t i o n . 
Brunsden (1964) also suggested t h a t some k a o l l n i s a t i o n of the 
Dartmoor g r a n i t e occurs under the a c t i o n o f chemical weathering. 
Brlstow (1977) mentioned t h a t some f e a t u r e s i n china c l a y d e p o s i t s of 
Cornwall and Devon, seem to argue a g a i n s t a weathering o r i g i n . The 
l a c k of evidence of any zonatlon i n the p r o f i l e , (a k a o l i n i s e d g r a n i t e 
i s the same at the surface as i t I s 200 m down), i s unusual f o r a 
weathered sequence, e s p e c i a l l y as t h e r e I s no evidence o f d e - s i l l -
c a t i o n of quartz g r a i n s near the s u r f a c e . Bristow (1977) concluded 
t h a t the o n l y acceptable e x p l a n a t i o n f o r the o r i g i n of weathered 
g r a n i t e i s a combination of hydrothermal a l t e r a t i o n and l a t e supergene 
o r i g i n , i n a s s o c i a t i o n w i t h weathering processes. 
2:1:4 Nature of Decomposed G r a n i t e 
While d i s c u s s i n g the weathering products of g r a n i t e the emphasis 
w i l l be more on the growan which, because of i t s porous n a t u r e , i s 
p o t e n t i a l l y more u s e f u l i n terms of i t s water t r a n s m i t t i n g and storage 
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c a p a b i l i t i e s . While k a o l l n i s a t i o n r e s u l t s i n a p h y s i c a l breakdown o f 
the massive g r a n i t e , i t s by-products, namely k a o l i n c l a y , i s not a 
s u i t a b l e water-bearing m a t e r i a l , and such d e p o s i t s may represent l o c a l 
a q u i c l u d e s , since t h e i r p e r m e a b i l i t y i s n e g l i g i b l e and s p e c i f i c y i e l d 
i s low. 
Decomposed g r a n i t e c o n s i s t s e i t h e r o f moderately decomposed 
growan, or o f g r e a t l y a l t e r e d china c l a y (Green and Eden 1971). 
K a o l i n l s a t l o n r e s u l t s i n a m a t e r i a l c o n t a i n i n g r e l a t i v e l y h i g h s i l t 
p l u s c l a y c o n t e n t . Samples o f china c l a y from Lee Moor co n t a i n e d 1.5 
to 30.5% c l a y and 30.0 t o 72.0% s i l t p l u s c l a y (Eden and Green 1971). 
Quartz forms the bulk of the sand f r a c t i o n i n k a o l l n l s e d areas, w i t h 
some f e l d s p a r , mica and tou r m a l i n e fragments o f t e n present. China 
c l a y i s normally white t o pale grey i n c o l o u r except i n s u p e r f i c i a l 
l a y e r s where o x i d a t i o n has occurred. 
Growan has a lower s i l t p lus c l a y content (13.5 t o 28.0%) and a 
c l a y content of 2 t o 10.5%. These values were obtained from i n s i t u 
growan samples, where a high residue o f f e l d s p a r c r y s t a l s were found 
i n the remaining sand f r a c t i o n (Eden and Green 1971). Under f i e l d 
examination q u a r t z and mica show l i t t l e m o d i f i c a t i o n and some 
tourmaline i s present. 
Growan e x h i b i t s commonly brown t o r e d d i s h brown c o l o u r s , but 
w h i t i s h and g r e y i s h m a t e r i a l s have a l s o been described by Brunsden 
(1964). I n s i t u growan normally r e t a i n s a v i s i b l e c r y s t a l l i n e rock 
t e x t u r e which can be broken i n the hand. Clay movement along j o i n t s 
and m i n e r a l g r a i n s are evident i n some samples (Brunsden and Gerrard 
1970). The f i n a l product i s a sandy or s l l t y l a y e r t h a t i s r i c h i n 
i r o n m i n e r a l s , and o x i d a t i o n o f I r o n from micas and oth e r 
ferromaghesi'onminerals produces the d i s t i n c t red/brown c o l o u r . 
Growan i s on l y moderately decomposed, although Brunsden (1964) 
r e f e r s t o i t as ' w e l l - r o t t e d and incoherent g r a n i t e ' . I m p l y i n g t h a t i n 
places s u b s t a n t i a l decomposition of the rock has occurred and has been 
f o l l o w e d by the removal of weathering products from the growan. 
However, t a k i n g i n t o c o n s i d e r a t i o n the h i g h f e l d s p a r content and 
p e r s i s t i n g rock t e x t u r e o f the growan, one may i n f e r t h a t t h e r e has 
been only l i m i t e d weathering and removal o f such products. According 
to Eden and Green (1971), the low c l a y content can be a t t r i b u t e d more 
to l i m i t e d decomposition than l e a c h i n g processes. 
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Growan g e n e r a l l y occurs as a l a t e r a l l y extensive l a y e r , 
f r e q u e n t l y o v e r l a i n by head d e p o s i t s , and having a lower boundary w i t h 
more s o l i d rock. Transported growan, termed 'bedded growan' by Waters 
(1964) i s a l s o observable at d i f f e r e n t l o c a t i o n s on Dartmoor, and 
Palmer and Nellson (1962) suggested t h a t much of t h i s , and the growan 
observed from v a l l e y f l o o r s , i s the r e s u l t o f s o l i f l u c t i o n processes. 
The s u p e r f i c i a l d e p o s i t s o f the N a r r a t o r Brook v a l l e y may c o n s i s t 
of a m i x t u r e of 'bedded growan' and i n s i t u growan. No attempt was 
made d u r i n g t h i s i n v e s t i g a t i o n t o d i f f e r e n t i a t e between the types of 
incoherent v a l l e y f i l l d e p osits but an a p p r e c i a t i o n o f t h e i r p o s s i b l e 
o r i g i n , i n the N a r r a t o r Brook v a l l e y i s recognised. 
S o i l m a t e r i a l over sedentary growan i s u s u a l l y 40-60 cm i n depth 
and i s r e l a t i v e l y compacted, normally l a c k i n g the o r i g i n a l rock 
t e x t u r e observable i n the growan, A h i g h e r degree of m i n e r a l 
breakdown i s encountered g i v i n g 57-62.5% sand, 26,5-29,5% s i l t , and 
11-13.5% c l a y (Eden and Green 1971). More s p e c i f i c d e t a i l s concerning 
s o i l p r o p e r t i e s on Dartmoor and the N a r r a t o r V a l l e y are i n 
s e c t i o n 2:3. 
2:1:5 C l a s s i f i c a t i o n of Weathered G r a n i t e 
At t h i s stage i n the d i s c u s s i o n i t may be u s e f u l t o d e f i n e the 
p l e t h o r a of terms used to describe the decomposed g r a n i t e on Dartmoor. 
The f o l l o w i n g c a t e g o r i e s are based on Moye's (1955) c l a s s i f i c a t i o n 
which he drew up i n order t o c l o s e l y d e f i n e the terms used t o d e s c r i b e 
the v a r i o u s degrees of weathering i n g r a n i t i c rocks. Hamrol (1961) 
and Lumb's (1962) observations are a l s o i n c o r p o r a t e d as both authors 
agreed t h a t an o b j e c t i v e method of d e t e r m i n a t i o n of the degree of 
weathering was r e q u i r e d . 
G r a n i t e s o i l : 
Derived from g r a n i t i c r o c k s , o f t e n does not possess any 
recognisable g r a n i t e f a b r i c . E x h i b i t s a h i g h e r degree of m i n e r a l 
breakdown, c o n s i s t i n g f o r the most p a r t of sandy m a t e r i a l w i t h s m a l l 
q u a n t i t i e s of s i l t and c l a y . 
Completely decomposed g r a n i t e : 
A m a t r i x o f s l l t y coarse sand comprising quartz g r a i n s and 
a l t e r a t i o n products ( c l a y m i n e r a l s ) along w i t h 'core-stones' and 
boulders. The o r i g i n a l g r a n i t i c t e x t u r e i s s t i l l apparent, a l t h o u g h 
no f e l d s p a r remains. This m a t e r i a l can be broken up w i t h the hands. 
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S l i g h t l y decomposed g r a n i t e : 
S i l i c a and potassium are f r e e d i n the c o l l o i d a l form and removed 
by l e a c h i n g . The miner a l g r a i n s are subsequently loosened a l l o w i n g 
more r a p i d a l t e r a t i o n of f e l d s p a r s and mica. R e l a t i v e t o the 
unalt e r e d g r a n i t e bedrock, the p o r o s i t y i ncreases. The r e s u l t a n t 
m a t e r i a l i s mostly quartz and f e l d s p a r w i t h a l i t t l e c l a y . Some 
s t a i n i n g i s evident on j o i n t s u r f a c e s . The rock can be broken by 
k i c k i n g the surface. 
A l t e r e d g r a n i t e : 
Shows cracks, and g r a i n s of f e l d s p a r and mica are s l i g h t l y 
a l t e r e d on t h e i r surfaces by h y d r a t i o n or h y d r o l y s i s . The increase i n 
volume by h y d r a t i o n produces st r e s s e s so the rock begins t o break up. 
The rock can be broken w i t h a hammer. 
Fresh g r a n i t e : 
T h i s l i e s immediately beneath the v a r i o u s types of weathered 
g r a n i t e and f r e q u e n t l y shows l i m o n i t e s t a i n s along J o i n t s , i n d i c a t i n g 
paths of water movement. The minerals are f r e s h and the mass i s s o l i d 
and g e n e r a l l y impermeable except where i n t e r s e c t e d by f i s s u r e and 
j o i n t systems. A hammer blow tends t o bounce o f f the rock. 
Terms such as r o t t e d or inc o h e r e n t g r a n i t e are g e n e r a l i s e d terms 
which r e f e r t o the a l t e r e d t o completely decomposed g r a n i t e as de f i n e d 
i n the above c l a s s i f i c a t i o n . Growan would be placed i n the s l i g h t l y 
decomposed t o the completely decomposed m a t e r i a l I n t h i s system, 
2:1:6 Other S u p e r f i c i a l Deposits 
The d i r e c t e f f e c t s of g l a c i a l i c e i n south west England are 
r e s t r i c t e d i n extent since there i s no evidence of an o v e r r i d i n g i c e 
sheet, the nearest i c e f r o n t being i n n o r t h Devon. The r e s u l t s o f 
Pleistocene c l i m a t i c changes, p a r t i c u l a r l y c o l d c o n d i t i o n s , are much 
more evide n t and widespread, w i t h the r e s u l t t h a t Dartmoor i s o f t e n 
described as a r e l i c t p e r i g l a c l a l landscape (Gregory and R a v e n h i l l 
1969). 
P e r i g l a c i a l c o n d i t i o n s i n the south west manifest themselves i n 
deposits of 'head*. These d e p o s i t s i n general c o n s i s t of angular 
fragments embedded i n a f i n e r m a t r i x , (Waters 1971). I n most cases 
they are t y p i f i e d by an anomalous p a r t i c l e s i z e d i s t r i b u t i o n i n t h a t 
there i s a l a r g e amount of coarse angular m a t e r i a l and much f i n e - g r a d e 
m a t e r i a l w i t h a conspicuous l a c k o f m a t e r i a l of i n t e r m e d i a t e s i z e . 
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I t i s i n f e r r e d that the f i n e matrix which encloses the larger 
angular fragments may have been derived from weathering products under 
e a r l i e r c l i m a t i c conditions. Two head deposits have been 
distinguished and described at various inland and coastal s i t e s i n 
south west England. These upper and lower head deposits are f u l l y 
described elsewhere (Stephens 1966; Waters 1971), but t h e i r main 
features w i l l be outlined b r i e f l y here as they may be important i n 
terms of water-bearing and tr a n s m i t t i n g capacities i n t h i s area. 
The lower head i s usually the thicker of the two deposits and 
consists of a d u l l yellow to strong brown sandy or g r i t t y loam 
containing coherent but easily broken granite stones up to 15 cm i n 
length (Waters 1971). The upper head i s mostly thinner and fresher i n 
appearance than the lower or mainhead deposits. 
On the granite outcrops around the tors the head i s represented 
by the ' G l i t t e r * of granite blocks strewn over the surface w i t h very 
l i t t l e f i n e matter i n i t s matrix, (Stephens 1966). Such deposits are 
chara c t e r i s t i c of the slopes of Sharpitor and Leather Tor i n the 
immediate v i c i n i t y of Burrator Reservoir, and of Combshead Tor i n the 
Narrator Brook Catchment. These may form valuable i n f i l t r a t i o n s i t e s 
for groundwater replenishment of the va l l e y aquifer i n the Narrator 
Brook region. 
2:2 Hydrogeological Properties of Valley Deposits and Granites i n 
South West England 
The d i s p o s i t i o n and depths of s u p e r f i c i a l materials are important 
factors i n determining the p o t e n t i a l f o r localised aquifers on the 
granites of south west England, and the Narrator valley i n p a r t i c u l a r . 
Granite may be weathered to great depths as i l l u s t r a t e d i n Table 2:2. 
Evidence concerning the depth of decomposition of the granite on 
Dartmoor i s somewhat scattered and often incomplete. Information 
compiled from experimental trenching and t r i a l boreholes on s i t e 
investigations f o r proposed reservoirs, and other water supply schemes 
have provided the most useful data. Fortuitously a large number of 
these investigations have been carried out i n close proximity to the 
Narrator Brook v a l l e y . These in v e s t i g a t i o n s i t e s are i l l u s t r a t e d i n 
Figure 2:3. 
- 56 
Table 2:2 Depths of Weathering i n Granite 
Depth of weathered 
granite (metres) 
Location Author 
12 Scotland F i t z p a t r i c k (1963) 
40 Altna Breac Glendlnlng (1980) 
Caithness, Scotland 
60 Hong Kong Ruxton and Berry (1957) 
60 Peterhead, Scotland Moore and Gribble (1980) 
91 Uganda O i l i e r (1960) 
100 Czechoslovakia Demek (1964) 
274 Snowy Mountains, Moye (1955) 
Australia 
2:2:1 Burrator and Sheepstor 
Burrator Reservoir i s situated 1 km south west of the Narrator 
valley. The r i v e r Meavy and the Narrator Brook discharges contribute 
to I t s impounded volume. The reservoir (N.G.R. S.X. 552680) i s 
formed by two embankments, one of masonry across the narrow gorge of 
the Meavy, the other of earthwork l y i n g between the rocky outcrops of 
Sheepstor and Burrator. 
Sandeman (1901), during the construction of Burrator Dam ( i n 
1893-1895) discovered s o l i d granite at depths varying between 0.60-
12,19 m i n the Meavy va l l e y . The average depth to s o l i d granite was 
12.19 m, with 16.15 m below the old r i v e r bed and 21.33 m on the west 
side of the valley. The di s p o s i t i o n of s o l i d and weathered granite i s 
i l l u s t r a t e d i n Figure 2:4a. 
Two t r i a l p i t s were sunk i n the region of Sheepstor Dam (N.G.R. 
S.X. 558673), but these gave a deceptive picture of subsurface geology 
since they were situated on rock pinnacles from which the bedrock 
shelved away rap i d l y . These are I l l u s t r a t e d i n Figure 2:4b* Depths 
of weathered granite as discovered i n an excavated trench varied from 
it>26 to 30.48 m. 
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2:2:2 Hart Tor Valley 
The Hart Tor s i t e , (N.G.R, S.X. 577717), I s 2.5 km due north of 
the Narrator Brook Catchment astride the r i v e r Heavy and Hart Tor 
Brook. Ten boreholes were sunk I n a northwest-southeast d i r e c t i o n . 
These revealed s o l i d granite at depths of 4.87 to 20.11 m. An 
appreciation of the di s p o s i t i o n of the rotted g r a n i t i c material i n the 
Hart Tor valley can be obtained from the cross-section i n Figure 2:5. 
The section runs northwest-southeast and i t i s noticeable that a 
deeper layer of loosely consolidated material i s evident on the south 
east side of the valley. 
2:2:3 Cowsic Valley 
The Cowsic s i t e (N.G.R. S.X. 596765) i s approximately 7.5 km 
north east of the Narrator Brook Catchment, astride the Cowsic r i v e r 
valley and part of the Devonport Leat. Eight t r i a l boreholes were 
sunk i n 1944 at t h i s l o c a t i o n and revealed granite described as being 
of low bearing p o t e n t i a l . This weathered granite was proved to depths 
of up to 36.57 m as i l l u s t r a t e d i n Figure 2:6. 
2:2:4 Swincombe 
The Swincombe s i t e (N.G.R. S.X. 625712) l i e s 4.5 km north east of 
the Narrator Brook Catchment astride the Swincombe r i v e r v a l l e y . 
Preliminary work was carried out on t h i s s i t e i n 1968-1969, with the 
int e n t i o n of constructing an impounding reservoir. Morton (1969) 
published a report o u t l i n i n g the geological findings and 
recommendations. Access to the borehole records have allowed the 
reconstruction of the geological cross-sections as i l l u s t r a t e d i n 
Figure 2:7, Twelve rotary cored holes were d r i l l e d , and the 
unweathered granite was encountered at 1.37-15.24 m under the two 
h i l l s i d e s . 
2:2:5 Huccaby 
The Huccaby s i t e (N.G.R. S.X. 653735) l i e s 8 km north east of the 
Narrator Brook v a l l e y , j u s t below the Dart r i v e r and i t s confluence 
with the Swincombe Valley. Ten rotary cored boreholes were d r i l l e d , 
from which the geological cross-sections (Figure 2:8) were 
constructed, which revealed bedrock from 8.14 to 34.23 m below the 
surface. A l l boreholes i n t h i s instance terminated i n s l i g h t l y 
weathered granite. 
2:2:6 Taw Marsh 
Taw Marsh (N.G.R. S.X. 619915) situated 5 km south east of 
Okehampton on northern Dartmoor, was f i r s t examined seriously as a 
source of 
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water i n 1956, (Figure 2:9a). A geophysical survey across the r i v e r 
Taw vall e y i n a north northeast-south southwest d i r e c t i o n , found 
bedrock i n the valley centre at a depth of 36.57 m. Later borehole 
evidence supported t h i s f i n d i n g , recording depths to bedrock of 
between 2.43 m and 46.93 m, as i l l u s t r a t e d i n Figure 2:9b. 
This cross-section of the Taw v a l l e y , as elucidated from 
geophysical evidence, i s of a diagrammatic nature only, suggesting the 
mode of disp o s i t i o n and the r e l a t i v e depths of incoherent material 
overlying the granite at t h i s l o c a t i o n . The overburden i n the Taw 
valley consists of sands, gravels and clays whose bedding was 
described as being extremely l e n t i c u l a r . Strata i n adjacent boreholes 
therefore showed l i t t l e correspondence i n l i t h o l o g y . 
2:2:7 Fernworthy Dam 
This dam (N.G.R. S.X. 655842) which impounds the South Teign 
r i v e r , i s situated i n the north east edge of Dartmoor 17.5 km north 
east of the Narrator catchment. The depth of s u p e r f i c i a l material 
removed f o r the excavation of the dam extended to an average depth of 
4.57 m. This included peat, surface boulders, sands, gravels and 
loosely decomposed rock. Below the s u p e r f i c i a l layer were found 
granite and elvan, p a r t i a l l y decomposed, broken and fractured i n the 
centre of the vall e y . This necessitated extending the excavation i n 
many places to reach sound granite to depths of 15.24 m (Figure 
2:10). 
Further evidence on the depth, d i s p o s i t i o n and nature of 
weathered p o t e n t i a l water-bearing materials overlying the granite can 
be i l l u s t r a t e d from data collected at reservoir sites on the granite 
and granite contact zones elsewhere i n the south west. Although these 
are not related s p e c i f i c a l l y to Dartmoor and the Narrator Brook they 
serve the purpose of h i g h l i g h t i n g p o t e n t i a l localised water sources i n 
decomposed granites, and so are included here. 
2:2:8 Sibleyback Reservoir 
Sibleyback Reservoir, completed i n 1969, i s constructed on a 
t r i b u t a r y of the r i v e r Fowey w i t h i n the area underlain by the Bodmin 
granite. The sites investigated were on the higher gathering grounds 
of the r i v e r Fowey, and decomposed granites were found to extend to a 
depth of 21.33 m (Farrar 1969). 
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2:2:9 D r i f t 
During the construction of the D r i f t Dam> on the Lands End 
granite (N.G.R. 435290), a steep-sided b e l t of altered g r a n i t e , 20 m 
i n width was encountered i n the va l l e y f l o o r . This material had not 
been penetrated by v e r t i c a l boreholes d r i l l e d during the s i t e 
i nvestigation* 
2:2:10 Stithians 
The Stithians Dam i s located 2.5 km north west of Falmouth w i t h i n 
the outcrop of the Carnmenellis granite. Near the surface, rocks are 
severely weathered to a depth of 1.5 m, being altered to a gravelly 
g r a n i t i c sand with occasional core-stones d i s t r i b u t e d along the va l l e y 
sides* Excavations and boreholes demonstrated that fresh rock occurs 
at 15-20 m depth. The rock here i s w e l l - j o i n t e d , and has been 
kaolinised to varying degrees. In the centre of the valley the 
ka o l i n i s a t i o n extends to more than 24 m i n depth. 
2:2:11 Summary of Site Conditions 
Table 2:3 summarises the previous information concerning depths 
to s o l i d rock i n the granites of south west England* Th.'sedata 
substantiate Brunsden and Gerrard's (1977) generalisation that many 
valleys i n granite masses are underlain by broad zones of altered 
granite. 
I n these Dartmoor valleys the thicknesses of unconsolidated 
materials lenses out towards the vall e y sides, with i n t e r f l u K e areas 
being composed largely of s o l i d granite. This can be seen from the 
geological cross-sections (Figures 2:4-2:10) p a r t i c u l a r l y i n the 
Hartor and Cowsic valleys. Hydrogeologically t h i s feature I s 
s i g n i f i c a n t . I f groundwater i s to be held or transmitted through 
weathered granite alone, and assuming no drainage fissure-systems out 
of the s o l i d granite base of the aquifer, then such catchments may be 
considered to be watertight. 
Decomposed granite extends to deeper levels beneath the va l l e y 
centres because d i f f e r e n t i a l weathering has worked p r e f e r e n t i a l l y 
along weaker features* Major decomposition i s associated with 
mineralisation of the g r a n i t e , as i n the case of Fernworthy and 
Burrator. The mineralisation i s probably l a t e Carboniferous or 
Permian i n age. Dines (1950), although the va l l e y formation however i s 
probably not e a r l i e r than the T e r t i a r y (Palmer and Neilson 1962). 
Despite the absence of dominant regional trends i n j o i n t i n g , (Worth 
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1930), there i s considerable l o c a l accordance between valley and j o i n t 
d i r e c t i o n s , as i n parts of the Cowsic, Meavy, Webburn, Taw, Dart and 
Plym valleys (Brammall 1926). 
Table 2:3 Depths of Incoherent G r a n i t i c Material i n 
South West England 
Site Location Depth to s o l i d granite 
Burrator W. Dartmoor 0.60-12.19 m 
Sheepstor W. Dartmoor 4.26-30.48 m 
Hartor 3 km N. of Burrator 4.87-20.11 m 
Cowsic 7.5 km N.E. of Burrator 12.19-36.57 m 
Taw Marsh 5 km S.E. of Okehampton 2.43-46.93 
D r i f t Dam Lands End granite 20 m 
Stithians Dam N.W. of Falmouth Cornwall 1.5-24 m 
Swincombe 4.5 km N.E. of Burrator 1.37-15.24 m 
Huccaby 8 km N.E. of Burrator 8.14-34.23 
Sibbleyback Bodmin Moor, North of 21.33 m 
Liskeard 
2:2:12 Main char a c t e r i s t i c s of Solid and Weathered Granites 
Upon examination of the available geological data for these s i t e s 
i t i s evident that there are four c h a r a c t e r i s t i c s common to a l l 
locations of weathered and s o l i d g r a n i t e , which may be of considerable 
hydrogeological importance. These features are as follows; 
( i ) the presence of fissures and j o i n t s i n the s o l i d granite 
bedrock 
( i i ) kaolinised sections i n decomposed granite areas 
( H i ) veins, stringers and intrusions 
( i v ) the nature of the s o l i d rock/decomposed rock i n t e r f a c e . 
(1) Fissures and j o i n t s . During the excavation of the trench at 
Burrator several fissures i n the s o l i d g r a n i t e , f u l l of decomposed 
material were unearthed. These fissures were wedge-shaped and ranged 
from 0.6-3.0 m. In width, but decreased with depth. When s o l i d 
granite was exposed i t was found to have many j o i n t s and cracks, some. 
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according to Sandeman (1901), p a r t i c u l a r l y on the sides of the v a l l e y 
being quite open* Other observations on j o i n t i n g i n granite were 
noted from the Swincombe and Huccaby s i t e s where the granite mass i s 
bisected by two sets of j o i n t s roughly at r i g h t angles to each other, 
and a t h i r d set, referred to as pseudo-bedding or d i l a t i o n features, 
are apparent. Open j o i n t e d granite was apparent down to 25 m i n the 
excavation trench at the Fernworthy s i t e * 
( i i ) Kaolinised sections 
The excavation trench at Sheepstor was cut to a depth of 32 m 
through an extensive layer of decomposed granite which, according to 
Sandeman (1901) exhibited a remarkable v a r i e t y of colours* A vein of 
white china clay crossed t h i s trench at i t s deepest part c u t t i n g 
across veins of s o l i d red elvan i n places. Evidence from the 
boreholes i n the Taw valley also provide an i n d i c a t i o n as to the 
nature of the weathered deposits and kaolinised areas* In general the 
Taw marsh valley boreholes exhibited f i n e r material at the top, with 
coarser sands and gravels at t h e i r bases* Kaolinised biotite-mlca 
granite was found at depths of 41.14 m which were red i n colour and 
showed evidence of tourmallnisatlon. Clays found were predominantly 
grey i n colour, and t y p i c a l of kaolin deposits, having high s i l t 
contents. 
( i l l ) Veins, stringers and intrusions 
A large mineral vein was encountered during excavation of some of 
the more s o l i d bedrock at Fernworthy as i l l u s t r a t e d i n Figure 2:10. 
This vein varied from 1.82-3.0 m i n width i n c l i n e d at ly from the 
v e r t i c a l * Open j o i n t e d granite was apparent around t h i s vein so 
excavation was taken down to below 25 m, a f t e r which a wedge was 
driven i n t o the centre to plug the zone and prevent water movement 
downwards. 
Veins of red elvan were recorded at the Sheepstor trench as being 
cut by a larger china clay vein. Veins traversing the area interected 
the trench at angles of 45-70*** These veins were found to be 
p r a c t i c a l l y p a r a l l e l i n nature, trending northwest and southeast, and 
ranging from 2 cm to 91 cm i n thickness, providing adequate pathways 
to f a c i l i t a t e water movement i n t h i s l o c a l i t y * 
71 
When some veins, 15-30 cm wide, at Burrator, were followed down 
to t h e i r j u n c t i o n with s o l i d rock, i t was found that a black l i n e 
(caused by peat s t a i n i n g ) , approximately 2*5 cm t h i c k could be 
observed which continued downwards through the rock, beneath the 
centre of the vein. These were interpreted as possible pathways f o r 
further breakdown of the rock matrix. Sandeman (1901) noted that the 
decomposed granite along the whole of the trench would have been a 
serious leakage problem and so was removed. 
( i v ) The j u n c t i o n of weathered and s o l i d rock sections 
In the cases of Jointed granite seen at the Burrator s i t e , as the 
excavation depth increased the j o i n t s closed up e n t i r e l y or became 
f i l l e d with material of a 'water-tight nature' (Sandeman 1901). The 
decomposed granite at Burrator was observed to become harder with 
depth. 
In the Fernworthy va l l e y the south face of the granite was found 
to be generally s o l i d and unbroken, as opposed to the north face which 
consisted e n t i r e l y of open j o i n t e d and p a r t l y decomposed granite as 
i l l u s t r a t e d i n Figure 2:10. With depth these j o i n t s closed up i n a 
nature si m i l a r to that described at the Burrator s i t e . 
Other indications concerning the weathered and s o l i d granite 
interface on Dartmoor are less s p e c i f i c . At the Swincombe and Huccaby 
s i t e s , no s o l i d or fresh granites were recorded i n the o r i g i n a l 
d r i l l i n g logs, giving a s l i g h t l y less well defined zone between 
weathered and e s s e n t i a l l y sound materials i n the geological cross-
sections (Figures 2:7, 2:8). 
2:2:13 Water Movement i n Weathered Granite 
The existence of groundwater i n weathered granite areas Is 
i l l u s t r a t e d by surface expressions such as springs and seeps. There 
i s l i t t l e published evidence concerning water movement through s o l i d 
or weathered granite material on Dartmoor. With reference to near 
surface conditions/horizons on valley sides, Williams et a l . (1981) 
distinguished four i n t e r f l o w pathways through the s o i l and weathered 
granite r e g o l i t h . I n i n t e r f l o w monitoring p i t s i n the Narrator Brook 
Catchment, t o t a l volumes of flow from above the ( i ) i r o n pan, (11) 
above a fraglpan, ( i l l ) beneath an impeding layer, ( i v ) flow caused by 
saturation upwards, (v) and overland flow were recorded. Of the 
subsurface flows recorded those i n order of importance were ( i i ) above 
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a fraglpan, (1) above the i r o n pan, ( i v ) flow caused by saturation 
upwards, and ( H i ) beneath an impeding layer. 
Evidence for the movement of considerable volumes of water at 
deeper levels are derived from the accounts of excavations and t r i a l -
borehole sinkings at various locations on Dartmoor. The trench 
excavated at Sheepstor h i t water Just below surface l e v e l , and had to 
be pumped continuously to be kept clear. I t was observed, by Sandeman 
(1901), that as the trench was deepened, the water which had 
previously bubbled up s p r i n g - l i k e from the trench bottom, came from 
the trench sides. 
Veins traversing the Sheepstor l o c a l i t y and i n t e r s e c t i n g the 
trench were inferred to have acted l i k e 'land drains*, since material 
In t h e i r upper portions were deeply stained w i t h peat, carried down by 
i n f i l t r a t i n g surface waters. This staining was observed to have 
gradually disappeared with depth. The quantity of water flowing i n t o 
the trench increased with depth u n t i l pumps were l i f t i n g 
2045.70 m^  day^^ to a height of 30.48 m (Sandeman 1901). 
During excavation at Fernworthy, water was found to be entering 
the foundations from the surrounding granite at an estimated 133 
sec*"^. This flow took place mainly through the fractured granite as 
there was only a shallow (4.57 m) thickness of weathered granite at 
t h i s s i t e . I t seems l i k e l y that such discharges are fed from a larger 
fissure-system source at t h i s l o c a l i t y . The large c e n t r a l vein found 
i n the Fernworthy valley was regarded as a p o t e n t i a l leakage pathway 
at t h i s s i t e , and was subsequently wedged o f f to maintain the water-
tightness of the v a l l e y . 
Groundwater from weathered granite material i s drawn from the Taw 
Marsh area for public supply purposes. Nine underground pumping 
stations draw water from wells 15.24-18.28 m deep i n the residual 
sands and gravels i n t h i s v a l l e y . The scheme provides a useful 
localised source of some 3785 m^  day-^. 
In general the major factors governing the water movement i n 
weathered granite aquifers appear to be the thickness and d i s p o s i t i o n 
of weathered materials and the nature of the unconsolidated-solid 
Interface, along with the occurrence of j o i n t s , fissures and vein 
systems. The a b i l i t y of the material to store and transmit water i s a 
function of the incoherent material's permeability and the occurrence 
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of clay materials i n the succession. The amounts of water available 
from granite systems and t h e i r r e l a t i v e depths, appear to bear no 
re l a t i o n s h i p to one another despite locations being nearby as i n the 
case of Burrator and Sheepstor. This emphasises the point that i t i s 
u n l i k e l y that such aquifers on Dartmoor can be characterised by 
investigations at one l o c a t i o n . Aquifer parameters, because of the 
heterogeneous nature of weathered materials i n s i t u , are l i k e l y to be 
s i t e s p e c i f i c with respect to l o c a t i o n , despite the f a c t that the 
val l e y aquifers have a granite basement i n a l l cases. 
2:3 Factors Related to Hydrogeologlcal Responses I n Weathered Granite 
Areas as Typified by the Narrator Brook Catchment 
As the hydrogeology of an area relates to the t o t a l environment, 
t h i s necessitates a review of hydrometeorologlcal influences and 
physical features of such an area. The Narrator Brook catchment i s 
very representative of Dartmoor as a whole not only I n terms of 
geology, but also i n terms of other factors l i k e l y to a f f e c t 
groundwater conditions, namely climate, s o i l type and vegetation. 
The Narrator Brook catchment i s one of three r i v e r basins on 
south west Dartmoor which supply Burrator Reservoir. The catchment 
l i e s 20 km to the north east of Plymouth, Devon, w i t h i n the Dartmoor 
National Park (Figure 2:1). The Narrator valley i s aligned northwest-
southeast with a catchment area of 4.75 km^. The Narrator Brook i s 
nearly 4.5 km i n length and j o i n s Burrator Reservoir on i t s eastern 
margin. The drainage basin constitutes approximately 30% of the t o t a l 
surface water catchment area feeding the reservoir. The Narrator 
catchment i s therefore a major source of water supply to Burrator, and 
i t s importance i n the maintenance of an adequate water supply to 
Plymouth i s evident. 
The catchment area of the Narrator Brook i s i l l u s t r a t e d i n Figure 
2:11. The boundary represents the surface water divides between the 
drainage basins to the north and south of the Narrator Valley. These 
are easily i d e n t i f i e d by the topographic highs of Sheepstor, Roughtor, 
Eylesbarrow, Combshead Tor and Down Tor. 
The experimental catchment area of the Narrator Brook, as 
u t i l i s e d by the Department of Geographical Sciences, Plymouth 
Polytechnic, terminates at the lowest outflow point, a stream gauging 
s t a t i o n known as Station Cutt, j u s t before the reservoir. For the 
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purposes of t h i s present I n v e s t i g a t i o n the catchment area has been 
extended to Include the region around Headwelr (Figure 2:11) and the 
eastern part of the reservoir. This a d d i t i o n a l area Includes the 
e n t i r e groundwater observation w e l l network. The l a s t 250 m 
flowlength of the Narrator Brook Is by means of an a r t i f i c i a l channel. 
The purpose of t h i s Is to d i v e r t the Narrator Brook through the 
gauging s i t e at Headwelr, run by South West Water, to monitor Inflows 
to Burrator Reservoir, 
2:3:1 Topography 
Elevation of the Narrator Brook v a l l e y ranges from 220 m at 
Burrator Dam to over 400 m In the east near Eylesbarrow as i l l u s t r a t e d 
In Figure 2:12. To the south of the groundwater observation-well 
network, Sheepstor (368.80 m) and Roughtor (304.80 m) provide the 
highest points In the western part of the v a l l e y . 
At the eastern end of the catchment the v a l l e y Is markedly 
asymmetrical In cross-profile being steeper on the southern side. 
Generally slopes are l i n e a r or convex. The steeper slopes facing 
N.N.E. are between 10' and 20" with maximum slope angles of 25*'-30** 
where the granite outcrops at the surface, tors (Sheepstor, Downtor, 
and Combshead Tor) and t h e i r associated b l o c k f l e l d s are evident, and 
provide l o c a l steep slopes. Previous t i n mining a c t i v i t i e s i n the 
valley bottom have resulted i n abrupt breaks i n the slope p r o f i l e s , 
p a r t i c u l a r l y at the eastern end of the catchment. The cross-valley 
p r o f i l e s . Figures 2:13 a-c, show the lo c a t i o n of the observation wells 
on the va l l e y slopes of Sheepstor and Roughtor, i n d i c a t i n g the steeper 
valley slopes on the south side of the Narrator Brook v a l l e y . 
2:3:2 Climate 
The south west Is characterised by a mild wet climate t y p i c a l of 
much of A t l a n t i c B r i t a i n . Maritime a i r masses, especially from Polar 
source regions are experienced at a l l seasons and appear over south 
west England f o r more than half the year. 
Distance from the sea and r i s i n g a l t i t u d e give increasingly cool 
and wet conditions on Dartmoor. Generally much of the r a i n f a l l i s 
concentrated In the autumn and winter months, with June being the 
d r i e s t month. During the period of t h i s i n v e s t i g a t i o n , November 1978-
February 1980, p r e c i p i t a t i o n as recorded at Head Weir was 2747.20 mm. 
The t o t a l p r e c i p i t a t i o n for 1979 was 1896.73 mm. This i s high when 
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compared to the long term average r a i n f a l l (using 1941-1970 period) 
calculated f o r Sheepstor at Redstone Gauge, (0.75 km due west of 
Sheepstor N.G.R. S.X. 558682) of 1588 mm. The wettest periods were 
recorded from November 1978 to March 1979, and October 1979 to 
February 1980, with most of February's average monthly r a i n f a l l 
occurring i n the f i r s t half of the month. The maximum t o t a l d a i l y 
r a i n f a l l of 180.60 mm was recorded at Head Weir on 27th December 1979, 
during one of the wettest periods experienced during t h i s 
i n v e stigation. Maximum one hour r a i n f a l l i n t e n s i t i e s were recorded i n 
the same period on 24th December 1979, being some 6 mm/hour. 
The d r i e s t period occurred i n June, July and September 1979, as 
can be seen from Table 2:4. August 1979 was an exceptionally wet 
month. Throughout the i n v e s t i g a t i o n period no months were without 
r a i n . Snowfall during t h i s i n v e s t i g a t i o n period f e l l during l a t e 
December 1978 through to l a t e February 1979, with i n t e r m i t t e n t h a i l 
and snowfalls i n mid-March and early A p r i l 1979. Snowfall i n May 1979 
accounts for some of the p r e c i p i t a t i o n record for t h i s month. 
Snowfall and periods of exceptionally heavy f r o s t were experienced i n 
l a t e December 1979 to early January 1980, interspersed w i t h t o r r e n t i a l 
rains and widespread flooding i n the south west as well as I n the 
Narrator valley i t s e l f . Graphs of the mean d a i l y r a i n f a l l i n the 
Narrator Brook Catchment f o r 1976-1979 are presented i n Appendix 
Lowest mean d a l l y temperatures occurred i n November 1979 to 
January 1980 with -8.8*C on 14th January 1980.being recorded at Head 
Weir. Maximum d a i l y temperatures occurred i n July and August 1979 
with 28.20**C on 27th July 1979, recorded. The annual temperature 
range f o r t h i s i n v e s t i g a t i o n period, obtained from available data from 
the automatic weather-recording s t a t i o n at Head Weir was 15.0**C. 
Winds on Dartmoor are generally strong with the p r e v a i l i n g 
d i r e c t i o n west to south westerly. Some severe storms were experienced 
during the Investigation period, which resulted i n large areas of the 
coniferous stands around the reservoir being uprooted. Wind speeds i n 
December 1979 were recorded i n excess of 193 km/hr. 
Potential evapotranspiration (P.E.) amounts were evaluated by the 
Thornthwalte equation for the Narrator Brook catchment. Total P.E. 
for the eighteen months under review i n t h i s i n v e s t i g a t i o n was 
868.6 mm, with 685.8 mm occurring during the twelve months of 1979. 
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Table 2:4 Meteorological Data f o r the Narrator Brook Catchment, 
Head Weir, October 1978-February 1980 
Month 
R a i n f a l l Temperature **C P.E. 
mm/month Max Min Range mm/month 
1978 
October 17.72 23.4 -0.2 23.6 36.2 mm 
November 206.6 15.6 -5.6 21.2 21.0 
December 231.35 16.8 -7.2 24.0 16.2 
1979 
January 139.22 8.0 -7.2 15.2 11.5 
February 231.45 10.4 -7.8 18.2 19.5 
March 245.55 11.2 -3.2 14.4 34.0 
A p r i l 98.15 10.4 -4.4 14.8 37.5 
May 146.55 25.0 -4.4 29.4 71.2 
June 93.2 25.2 3.6 21.6 97.5 
July 68.25 28.2 3.2 25.0 135.5 
August 189.95 23.4 3.0 20.4 101.5 
September 84.36 21.6 1.6 20.0 72.7 
October 109.05 18.2 1.2 17.0 60.2 
November 167.9 14.2 -4.6 18.8 28.5 
December 323.1 13.0 -8.0 21.0 16.2 
1980 
January 199.6 9.8 -8.8 18.6 11.5 
February 149.6 10.4 -1.6 12.0 25.2 
2:3:3 Soils 
The s o i l s of the Narrator Brook catchment are t y p i c a l of Dartmoor 
s o i l s i n general and consist e s s e n t i a l l y of: 
(1) Peaty gley s o i l s / i r o n pan stagnopodsols 
(11) Brown earths/brown podsols. 
The two s o i l types are I l l u s t r a t e d on the generalised map i n Figure 
2:14 along with t h e i r associated vegetation types. 
(1) Peaty Gley/Iron Stagnopodsols 
The s o i l s on the gentler moorland slopes between 300-500 m form 
part of the Hexworthy series (Harrod e£ £l. 1976). These are coarse 
loamy i r o n stagnopodsols. A t y p i c a l p r o f i l e , diagrammatic i n form. I s 
I l l u s t r a t e d i n Figure 2:15, and discussed below i n terms of i t s 
horizons, since t h e i r nature may Influence the rate of i n f i l t r a t i o n to 
the groundwater system. 
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Horizon 0-5 cm 
This consists of a grass root mat and a l i t t e r layer. 
Oh Horizon 5-15 cm 
Black (N 2/0) amorphous peat, often containing bleached sand 
grains with a coarse angular blocky-structure. This horizon 
i s greasy when wet. 
A h/E Horizon 15-30 cm 
Black (10 YR 2/1) humose sandy s l l t y loam which i s s l i g h t l y 
stoney with gravel and bleached granite fragments. I t 
possesses a moderate subangular blocky-structure and has a 
f r i a b l e consistence. 
Eg Horizon 30-35 cm 
Greyish brown to l i g h t brownish grey, or brown pinkish grey 
(10-7.5 YR 5-6/2), gravelly sandy s i l t w i t h a few mottles of 
strong brown (7.5 YR 5/6-8) and commonly heavily humus 
stained. I t i s s l i g h t l y stoney with gravel, and ex h i b i t s a 
subangular blocky-structure with a f r i a b l e consistency. 
Dead roots tend to concentrate at the base of t h i s horizon 
on top of the Iron pan. 
Bf Horizon at 35 cm 
Thin hard continuous i r o n pan which r e s t r i c t s v e r t i c a l water 
movement. 
BS Horizon 35-45 cm 
Strong brown (7.5 YR 5/6) gravelly sandy s i l t loam with some 
g r a n i t i c fragments present. I t possesses a very f i n e 
subangular blocky structure and a f r i a b l e consistency. 
BS Horizon 45 cm plus 
Brown (7.5 YR 4-5/4) gravelly sand-silt loam, usually stoney 
with gravel to large angular granite fragments. This 
horizon has a moderate-fine subangular blocky structure. 
B/C Horizon 60 cms plus 
Brown to l i g h t brown (7.5 YR - 5-6/4) gravelly sandy s i l t 
loam which i s very stoney with gravel and large subangular 
granite fragments. I t exhibits moderate or strong f i n e 
subangular blocky structure with moderate platy structures 
often apparent. Usually f r i a b l e but sometimes has a f i r m 
consistency. 
The Hexworthy Series are usually waterlogged f o r long periods i n 
the upper part of t h e i r p r o f i l e s due to the impedence of drainage 
water by the i r o n pan. The s o i l i s characterised by a peaty surface 
horizon, and developed i n moorland areas experiencing high annual 
r a i n f a l l t o t a l s . I f the Bf horizon can be breached drainage i s free 
i n the lower horizons due to the very permeable nature of the 
subsoil. 
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(11) Brown Earths/Podsols 
These s o i l s i n the Narrator Brook valley are t y p i f i e d by the 
Moretonhampstead series found at elevations of 229-340 m. These are 
usually w e l l drained coarse loamy brown podsollc s o i l s . The p r o f i l e 
i s i l l u s t r a t e d i n Figure 2:15 and described below: 
Ah Horizon 0-25 cm 
Dark brown (10 HY 3/3) or very dark greyish brown (10 YR 
3/2), gravelly sandy s i l t loam, usually of a s l i g h t l y stoney 
to gravelly nature w i t h moderate f i n e to medium subangular 
blocky structure. The horizon has a f r i a b l e consistency. 
Bs Horizon 25-60 cm 
Brown (7.5 YR 4-5/4) or strong brown (7.5 YR 5/6) gravelly 
sandy s i l t loam, often being stoney with coarse gravel and 
the occasional boulders. I t possesses a moderate f i n e to 
subangular blocky crumb structure of a f r i a b l e consistency. 
B/C Horizon 60-90 cm 
Brown to strong brown to yellowish brown i n colour (7.5 YR 
5/4-6, - 10 YR 5/4), g r a v e l l y sandy s i l t loam. This horizon 
i s stoney with gravel and large subangular granite 
fragments. Generally i t e x h i b i t s a subangular blocky 
structure with a f r i a b l e consistency. Sometimes t h i n platy 
structures occur gi v i n g the char a c t e r i s t i c s of a Cx horizon 
(fr a g i p a n ) . 
The fragipan i s an indurated horizon with a platy s t r u c t u r e . I t 
i s of localised occurrence on Dartmoor and associated with areas of 
former p e r l g l a c i a l a c t i v i t y . F i t z p a t r i c k (1956) emphasised the 
importance of fragipan horizons to water movement i n s o i l s . When the 
fragipan i s highly Indurated i t can completely prevent the v e r t i c a l 
percolation of water, so i n f i l t r a t i n g waters move l a t e r a l l y . Brown 
podsolics are described by Harrod et a l . (1976) as generally being 
well drained due to i t s permeable nature and the c h a r a c t e r i s t i c s of 
the substratum of Incoherent g r a n i t e . 
2:3:4 Peat Deposits 
Upland peat deposits on Dartmoor are found where annual r a i n f a l l 
i s i n excess i f 2,000 mm and a l t i t u d e ranges from 366 to 590 m 
(Clayden and Manley 1964). Such deposits may be i n excess of 1.2 m 
thi c k i n some areas but are normally less than 40 cm elsewhere. A 
discussion of the physical properties of peat i s appropriate since 
they form part of the s o i l p r o f i l e i n the Narrator Valley. Peats 
absorb and r e t a i n large quant i t i e s of water and hence may be important 
In terms of t h e i r e f f e c t s on i n f i l t r a t i o n rates, runoff and ground-
water recharge i n the Narrator Brook Valley. 
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Boelter (1963) suggested that the hydraulic co n d u c t i v i t y of peat 
s o i l horizons Is one of the more Important physical properties that 
a f f e c t the hydrologic features of a catchment. The str u c t u r e and 
density of d i f f e r e n t kinds of peat vary considerably, Boelter (1964), 
as do t h e i r water storage c h a r a c t e r i s t i c s . Consequently, water 
storage characteristics and movement rates I n peat w i l l determine the 
amount and timing of outflow from watersheds made up e n t i r e l y or 
p a r t i a l l y by organic s o i l s . 
Conway and M i l l e r ' s (1960) work on catchments covered with 3.65-
4.26 m of sphagnum peat i n northern England, determined water 
rete n t i o n properties of peat. Sphagnum peat has a water storage 
capacity of several centimetres i n i t s surface layers, and t h i s store 
I s replenished by the retention of p r e c i p i t a t i o n which follows dry 
periods. Water flow from peat margins was found to continue st e a d i l y 
throughout dry periods. The burning of sphagnum a l t e r s the loose-
textured surface peat i n t o a substance which i s nearly amorphous and 
highly resistant to water movement through I t . Rough grazing lands I n 
the Narrator Brook are subjected to i n t e r m i t t e n t burning, a practice 
which may Improve the q u a l i t y of the pasture but appears to be 
detrimental with regards to p o t e n t i a l i n f i l t r a t i o n and groundwater 
recharge f a c i l i t i e s . 
Peak flows from peat covered catchments are delayed and smaller 
than those catchments with no peat development (Conway and M i l l e r 
1960). This suggests that surface runoff over peat areas i s greatly 
reduced. The hydraulic conductivity of peat-types cover a wide range 
of values which are related to s p e c i f i c y i e l d and pore size 
d i s t r i b u t i o n (Boelter 1965). Table 2:5 i l l u s t r a t e s t h i s . 
Peat deposits i n the Narrator Valley consist mainly of sphagnum 
species, (Rent and Wathern 1980), and although no work has been done 
s p e c i f i c a l l y on t h e i r physical properties, generalisation of t h e i r 
hydraulic conductivities can be made from reference to work by Burke 
(1972) and Boelter (1964, 1965). 
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Table 2:5 Hydraulic Conductivity of Various Peats a f t e r 
Boelter (1965) and Burke (1972) 
Peat types Hydraulic conductivity cm d~^ 
undecomposed 
peat 
3292 
woody peats 
and deep 
undecomposed 
peats 
48 
dense decomposed 
and herbaceous 
peats 
0.65 
blanket peat 1.8-13.0 
2:3:5 Vegetation 
The Narrator Brook catchment Includes w i t h i n i t s boundaries a l l 
major vegetation types which characterise Dartmoor as a whole. 
Broadly speaking the catchment can be divided i n t o a number of 
vegetatlonal units as I l l u s t r a t e d i n Figure 2:14. The upper part of 
the basin Is open moorland with peaty areas consisting predominantly 
of sphagnum species, (Kent and Wathern 1980). The middle section i s 
one of rough pasture, grassland heath, bracken and heather mixtures. 
The lowest part of the area was planted with s i t k a spruce i n the early 
1920's to u t i l i s e the land rendered 'unproductive* by the 
establishment of the reservoir and to invest i n the timber as a long-
term commercial proposition* 
P r i o r to t h i s present study, coniferous forest occupied more than 
10% of the catchment area, as i l l u s t r a t e d i n Figure 2:14. This 
proportion of forested area has since been altered by two main 
fact o r s : 
(1) Severe storms i n January 1979 and December 1979 which 
uprooted more than 300 trees. 
(2) S l l v l c u l t u r a l a c t i v i t i e s ( f e l l i n g , logging etc) from March 
1979 up u n t i l February 1980. 
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Both the above factors have alt e r e d the vegetation pattern and 
disrupted s o i l horizons which, i n t u r n , may have important 
consequences on groundwater recharge rates. These factors may be 
d i f f i c u l t to assess i n terms of t h i s short period of I n v e s t i g a t i o n , 
but are points worthy of consideration, 
2:3:6 The Nature of the Valley I n f i l l i n the Narrator Brook Catchment 
Apart from investigations carried out on the nearby Burrator and 
Sheepstor dams (Sandeman 1901), very l i t t l e information I s available 
on the nature and depths of incoherent materials overlying s o l i d 
granite I n the Narrator valley* Past mining a c t i v i t i e s , discussed i n 
section 2:3:9, have yielded no information on the depth and subaerial 
extent of weathered granite I n t h i s l o c a l i t y . 
The f i r s t exploratory boreholes i n the Narrator Brook v a l l e y were 
put down by the Geology Department, Plymouth Polytechnic, September 
1976, (Gibson 1977), with a Craellus 'minute-man* r i g u t i l i s i n g the 
rotary d r i l l i n g method. Logs from these s i t e s show that at Site 3, 
12.A3 m of f i n e saturated sands were penetrated and at Site I , 11.12 m 
of fine sandy material with broken fragments of granite were 
encountered. Neither of the two boreholes reached bedrock. The 
watertable was recorded at 0.5 m below the surface. Both these s i t e s 
were furt h e r east than the present i n v e s t i g a t i o n area. 
2:3:7 Borehole Evidence 
In November 1978 f i f t e e n boreholes were sunk i n the western end 
of the Narrator Brook catchment, using an a i r rotary system f o r the 
down-the-hole-hammer technique. Thirteen of these were u t i l i s e d f o r 
the data c o l l e c t i o n network f o r t h i s i n v e s t i g a t i o n . The logs are 
presented i n Appendix I . 
These boreholes revealed l l t h o l o g i e s containing large q u a n t i t i e s 
of clay, sandy clay, sands and g r i t s , w i t h gravels and cobbles. A l l 
deposits were of varying thicknesses as can be seen from the logs, and 
revealed a more complex sub-surface l i t h o l o g y than previously assumed. 
The terms clay, sandy clay and other terms used are based on v i s u a l 
Assessments of the materials d r i l l e d and recorded i n the f i e l d logs, 
consequently they are of a q u a l i t a t i v e nature only. 
The shallow s i t e s , 3, 4, 5, 6, as can be seen i n the appropriate 
logs, contained the coarsest materials i n the form of gravels and 
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cobbles often greater than 6 cm I n diameter* I n t e r s t l t l c e s between 
these larger deposits were f i l l e d with clays, s i l t s and water which 
caused excessive caving, r e s u l t i n g i n Site 3 being abandoned. Sites 
10, 11, 12, 13, 14, revealed the largest thicknesses of clays and 
sandy clay material, varying from 8.5 m of yellow sandy clay i n 
Site 11 to 13 m i n Site 13. 
The great v a r i a t i o n i n the depths and nature of the deposits 
result i n poor c o r r e l a t i o n between neighbouring boreholes, which can 
be seen by comparison of the borehole logs i n Appendix 1. The great 
l a t e r a l d i v e r s i t y of the deposits i s p a r t i c u l a r l y well I l l u s t r a t e d i n 
the case of Site lA. Here two boreholes were attempted, the f i r s t 
d r i l l e d to a 12 m depth was l a t e r abandoned. This, as can be seen 
from the borehole log for Site 14, consisted p r i m a r i l y of yellow sandy 
material down to 6 m, where the clay content increases markedly 
towards the base. The second borehole, eventually completed f o r the 
observation w e l l at t h i s s i t e , was d r i l l e d approximately 2 m from the 
f i r s t borehole and penetrated a d i f f e r e n t sequence of deposits* The 
v a r i a t i o n i n thickness and colour of the materials penetrated by the 
two boreholes show a very poor c o r r e l a t i o n between l l t h o l o g l e s . 
Sites 9 and 15 contained from 9-12 m of dry sandy material whose 
clay content appeared to Increase towards the base of the borehole. 
At Site 15 clay nodules brought to the surface from approximately 7-
8 m depth contained large feldspar c r y s t a l s i n t h e i r centres, which 
showed signs of a l t e r a t i o n along t h e i r cleavage l i n e s . These nodules 
were probably formed v i a the t r a n s i t of the feldspar c r y s t a l s up the 
annulus of the borehole by compressed a i r . 
Sites 1 and 2 on the south facing slopes of the catchment 
exhibited larger thicknesses (14-18 m) of sands and gravels, and 
probably penetrated odd granite blocks at some depths. Site 2 
exhibited approximately a 7 m thickness of coarse sands and gravels at 
i t s base. Site 7 also penetrated 6.5 m of yellow/grey sands with a 
s l i g h t orange tinge. Granitic material interpreted as boulders was 
penetrated at approximately 8 m, d i r e c t l y beneath which was found 2 m 
of pale grey clay, very t y p i c a l of a kaolin-type clay. This borehole 
was terminated i n g r a n i t i c material at 13,5 m which may have been 
another Isolated granite block. 
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Time and f i n a n c i a l constraints, along w i t h problems of d r i l l i n g 
through unconsolidated material without casing, prevented f u r t h e r 
exploratory d r i l l i n g . The exact thickness and l a t e r a l extent of the 
valley f i l l i n the Narrator Brook i s not known d e f i n i t i v e l y at 
present. The boreholes d r i l l e d f o r t h i s i n v e s t i g a t i o n extended at 
t h e i r maximum 20 m below the surface, but no information regarding 
depth to s o l i d granite was obtained. 
The nature and l i t h o l o g l c a l v a r i a t i o n s found i n the Narrator 
Brook catchment correspond markedly to those found i n the Taw Marsh 
area as described i n section 2:2. Further investigations i n t o the 
nature of the shallow or near surface v a l l e y deposits i n the Narrator 
Brooks (Gomez and Sims 1981) indicate a crevasse-splay type of deposit 
near the r i v e r banks, c h a r a c t e r i s t i c of r i v e r s which overflood t h e i r 
banks p e r i o d i c a l l y . Such an environment may w e l l account f o r periodic 
l e n t i c u l a r deposits of clays and sands found i n the immediate v i c i n i t y 
of the Narrator Brook, but the occurrence of l i t h o l o g l c a l l y s i m i l a r 
but thicker deposits at the base of Sheepstor may necessitate some 
other mechanism whose o r i g i n i s outside the scope of t h i s 
I n v e s t i g a t i o n . 
2:3:8 P a r t i c l e Size Analysis 
Extra d r i l l i n g was attempted at two more si t e s i n the Narrator 
Brook using a Minute-Man d r i l l . The two s i t e s are referred to as 
Site 8 and Site 16, whose l o c a t i o n i s i l l u s t r a t e d i n Figure 2:17. At 
Site 8 a t o t a l depth of 9.44 m was d r i l l e d i n t o a mixture of sands and 
clays. No core samples were taken due to the caving nature of the 
hole. This hole collapsed once the d r i l l stem was removed. At Site 
16 a t o t a l depth of 9 m was d r i l l e d w i t h the watertable being h i t at 
approximately 2.7 m. Materials penetrated were described as yellow 
sandy clays. An attempt to bore such material proved f r u i t l e s s and 
only larger p a r t i c l e s of weathered granite were found remaining i n the 
core when i t was brought to the surface. D r i l l i n g was terminated at 
9 m. From both site s samples were taken f o r p a r t i c l e size analysis 
from the auger f l i g h t s at depths from 1-3 m below the surface. 
P a r t i c l e size analysis curves were produced and are i l l u s t r a t e d 
i n Figures 2:16a and 2:16b. I t i s evident that the v a l l e y f i l l 
penetrated at these two points contains a larger proportion of sands 
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(0*06-2 mm diameter) than I s apparent upon v i s u a l examination of 
material I n the f i e l d giving over 75% at Site 8 and 56% at Site 16. 
Less than 2% s l i t and clay f r a c t i o n s was recorded at both s i t e s . 
At Site 16» 43% gravels (2-60 mm diameter) were apparent I n the 
p r o f i l e , while at Site 8 only 24% of gravel material was present. The 
higher topographic position of Site 16 may account f o r the higher 
percentages of coarser materials w i t h i n the f i r s t 3 m of the p r o f i l e , 
smaller p a r t i c l e s having been transported f u r t h e r downslope by 
p e r l g l a c i a l processes. P a r t i c l e size analysis therefore indicates 
areas of permeable materials, possibly with w e l l sorted materials i n 
some sections, with a smaller amount of clay and fines throughout than 
i s apparent from v i s u a l examination alone. 
2:3:9 Mining A c t i v i t i e s 
No discussion of s u p e r f i c i a l deposits i n valleys on Dartmoor 
granite i s complete without reference to past mining a c t i v i t i e s i n the 
area. This i s p a r t i c u l a r l y true of the Narrator Brook catchment area, 
and although such evidence refers mainly to the western end of the 
va l l e y , as I l l u s t r a t e d i n Figure 2:18, the area outside the 
groundwater observation network, some discussion i s required for 
former mining a c t i v i t i e s have markedly changed the landscape and 
structure of the ground materials. 
Commercial china clay, a product mainly of hydrothermal 
k a o l i n l s a t l o n , i s found i n southern Dartmoor around Lee Moor, but over 
most of "the noor, k a o l i n l s a t l o n was not Intensive enough to produce 
economic deposits (Reld et a l . 1912). Decomposed granite I s common i n 
the areas around t i n mines, while the commercial k a o l i n deposits of 
Lee Moor, are elongated along the regional trend of the t i n mines I n 
t h i s region. Based on the evidence of the mineral vein exposed at 
Burrator during excavations for the dam, Brunsden (1964) suggested 
some hydrothermal a l t e r a t i o n of the granite has occurred I n t h i s 
v a l l e y , i n addition to chemical weathering by percolating waters 
choosing selective pathways and contiributing f u r t h e r to the i n s i t u 
breakdown of the granites. 
Tin was f i r s t worked from Sheepstor I n 1168, Harris (1972), but 
the main mining concerns I n the Narrator Brook took place i n the 
1800s. Gomez and Sims (pers. comm. 1980) have a Cm date f o r an upper 
peat horizon (at 0.55 m depth) i n the Narrator va l l e y of 1350 AD. 
- 93 -
-a 
1 
FIGURE 2:17 
DISTRIBUTION OF SURFACE WATER 
AROUND BURRATOR RESERVOIR 
Sharpitor 
A Scale 4cm = 1-5 km 
Leather 
Tor ^ 
Downtor 
Combshead 
aerator 
Sheepsto 
Sheepstol>ia*A 
R.Meav KEY 
Intermittent springs 
* Perennial springs 
o Wells 
Dry leat stretches 
rfc^ Extra drilling sites 
They believe that the deposition of t h i s organic horizon w i t h i n the 
floodplain may be linked to water management a c t i v i t i e s of the t i n 
workers i n the early mining period i n the v a l l e y . Mining a c t i v i t i e s 
also took place to the north of the Narrator va l l e y i n the Newlycombe 
lake v a l l e y , around Clasey Wheal (Crazy well pool) and Plymouth 
Consols (N.G.R. S.X. 386699). The majority of Dartmoor Lodes l i e i n 
an E.N.E.-W.S.W. d i r e c t i o n , and are t i n or copper bearing (Dines 
1956). I n west Dartmoor the lodes are mainly disposed i n an east to 
west d i r e c t i o n with a higher percentage of copper lodes. 
The spoil-heaps from former tin-mining and streaming a c t i v i t i e s 
are s t i l l evident near the head of the Narrator Brook v a l l e y , as 
i l l u s t r a t e d i n Figure 2:l2, and appear to form a major part of the 
valley i n f i l l at various l o c a l i t i e s . Tin was separated i n the v a l l e y 
bottom from the rubble waste which was then thrown up i n heaps along 
the r i v e r banks. These grew i n t o sizeable mounds, now i n places 
overgrown but s t i l l a persistent feature of the landscape. 
Since they are coarse, granular poorly-sorted heaps they form 
valuable i n f i l t r a t i o n s i t e s , f a c i l i t a t i n g recharge to the underlying 
valley alluvium and rotted granites. L i t t l e information i s obtainable 
r e l a t i n g to the size and l a t e r a l extent and production of the 
subsurface mines i n the Narrator v a l l e y . Adits and shafts are s t i l l 
evident (N.G.R. S.X. 578683) but t h e i r underground extent i s unknown. 
A few of the adits now act as springs feeding the surface water 
network of the catchment. The general d i s p o s i t i o n of such spollheaps 
and shafts are indicated i n Figure 2:18. 
From the evidence presented i n the previous two sections, i t can 
be seen that there i s a wide v a r i a t i o n i n the type of unconsolidated 
materials i n s i t u i n the weathered granite of the Narrator Brook 
valley. Aquifer properties of such deposits are f u l l y discussed i n 
Chapter 6, but porosity and hydraulic conductivity values derived from 
laboratory measurements of materials from the Narrator Brook are 
discussed here i n r e l a t i o n s h i p to groundwater and surface water 
regimes. 
2:4 Groundwater and Surfacewater Relationships 
In the l i t e r a t u r e , surface and subsurface water regimes are 
commonly treated as being separate and d i s t i n c t from one another. 
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These are usually hydrologlcally interconnected and they function 
together to form an integrated dynamic system i n which water commonly 
moves, al t e r n a t i n g from one environment to another. The two regimes 
are d i s s i m i l a r i n many respects, but because of t h e i r hydrologic 
Interdependence i t i s technically incorrect to t r e a t them separately, 
except for purposes of c l a s s i f i c a t i o n , when evaluating water resources 
of an area. This l a t t e r approach w i l l be adopted here i n the 
description of groundwater and surfacewater relationships I n weathered 
granite areas, as t y p i f i e d by the conditions i n the Narrator Brook 
catchment. 
2:4:1 Surface Water 
The uniformity of underlying geological structure on Dartmoor 
suggests that topographic and groundwater divides are near coincident. 
Dartmoor Is characterised by a complex system of purpose b u i l t leats 
which transfer water across catchment divides as i l l u s t r a t e d i n 
Figure 2:17. The Narrator Brook catchment i s the only one of the 
three major sub-catchments of Burrator Reservoir which does not have 
water transported i n t o or out of the catchment by l e a t s . The 
d i s t r i b u t i o n of surface water i n the Narrator Brook va l l e y i s 
i l l u s t r a t e d i n Figure 2:18. 
Numerous a r t i f i c i a l channels drain the south side of the Narrator 
Brook i n the v i c i n i t y of the groundwater observation network. These 
a r t i f i c i a l channels of approximately 1 km t o t a l length, (Murgatroyd 
1980) are related to f o r e s t r y a c t i v i t i e s i n the area and may 
contribute s i g n i f i c a n t l y to main channel flow i n the Narrator Brook 
during intensive r a i n f a l l periods. 
To the south west of Combshead Tor, down towards the marshy 
valley bottom, (N.G.R. S.X. 585684), water can be traced flowing below 
the surface, towards the stream channel. Several d i s t i n c t drainage 
lines can be observed, flowing under boulders and j u s t below the 
surface u t i l i s i n g crevices and channels w i t h i n the matrix of the 
valley f l o o r . This may be a form of piping, which Jones (1971) 
suggested I s a feature of moorland s o i l s w i t h steep hydraulic 
gradients. Such subsurface plpeflow Increases the transmisslvlty of a 
s o i l mass and speeds throughflow, r e s u l t i n g i n a quicker hydrograph 
response than might otherwise be expected. 
- 96 
-0 
\ 
Scale 6cm = 1km 
® Boreholes 
1976 
* Intermittent 
springs 
* Perennial 
Downtor 
\37277m 350-52m 
Combshead 
Tor 3 7 0 - 9 4 m 
.:r^ springs 
=:^arsh a eas 
^ 1 Tinners 
heaps 
• Deancombe 
- = qPlruins)** 
* ^ Combshead I 
(ruins) 
F ' Footpaths 
Roads 
^ Catchment 
boundary 
A Tors 
old 
minei 
workings 
Yellovjimead 
own 
304-8nrK shaft 
Spot Heights Sheeps Tor 
3 6 8 8 m 
(uoCl&SStf l t d ) 
•368-8m FIGURE 2: 18 
T H E NARRATOR BROOK C A T C H M E N T 
Sur face water distribution 
Extent of mining areas 
OS 
This i s a p a r t i c u l a r l y noticeable feature i n wet periods when 
rapid downslope movement of water takes place towards the Narrator 
Brook from the contributing s p o i l heaps and surrounding c l l t t e r 
slopes, r e s u l t i n g i n a temporary extension of the stream channel and 
surrounding marshy area, 
2:4:2 Groundwater 
The headwaters of the Narrator Brook r i s e from perennial springs 
emerging from the val l e y sides (N.G»R. S.X. 592692) and from amongst 
the tinners' s p o i l heaps (N.G.R. S.X. 589682). The source of the 
Narrator Brook varies seasonally, and according to Murgatroyd (1980), 
0.19 km of the main stream channel i s ephemeral i n nature. Many 
t r i b u t a r i e s i n the catchment are fed by perennial springs and 
in t e r m i t t e n t springs (those which cease to flow during dry periods). 
Figure 2:18 I l l u s t r a t e s these hydrogeologically s i g n i f i c a n t sources i n 
the Narrator catchment. 
Sheepstor Beck, with i t s headwaters coming from the lower reaches 
of Sheepstor, i s fed by three main springs. The upper reaches dry up 
during the summer period and begin to flow only a f t e r the onset of 
winter r a i n f a l l , a c h a r a c t e r i s t i c feature of an i n t e r m i t t e n t stream. 
Other smaller t r i b u t a r i e s feeding the Narrator Brook have t h e i r source 
i n marshy areas. 
The granite based aquifer of the Narrator catchment appears i n 
the f i r s t instance to be unconflned. However, a l t e r n a t i n g sands, 
gravels and clay lenses shown by d r i l l i n g , and described i n section 
2:3:7, may resu l t i n a series of stacked, perched water tables, 
operational at d i f f e r e n t times of the year and rendering parts of the 
aquifer to be both confined and unconfined i n places. Variations i n 
thicknesses and l a t e r a l extent of d i f f e r i n g t e x t u r a l horizons gives 
r i s e to wide ranges i n hydraulic properties of the aquifer. 
2:4:3 Laboratory Derived Values of Porosity and Hydraulic 
Conductivity of Granitic Material i n the Narrator Brook 
Catchment Area 
Laboratory measurements of s l i g h t l y altered granite from the 
Narrator Brook valley were carried out at the Water Research Centre 
(W.R.C) laboratories, to determine hydraulic conductivity (K). The 
results are presented i n Table 2:6. 
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Table 2:6 Laboratory detertalnations f o r K and 0 In alt e r e d granites 
from the Narrator Brook 
Hydraulic 
conductivity 
Sample 1 Sample 2 
v e r t i c a l (K) 
horizontal (K) 
porosity (0) 
1.5 X 10-3 ^ 1^-1 
3.2 X 10-3 ^ 
0.068 
8.1 X 10-^ m d-^ 
5.0 X 10-2 ^  j j - l 
0.101 
These values were measured using a gas permeameter. The 
hydraulic conductivities are much higher than expected f o r s l i g h t l y 
altered granite samples, Rowland (pers. comm. Jan. 1980), and can be 
a t t r i b u t e d to: 
(1) leakage around the edge of the samples during measurement 
(11) I n the weathered portions the clay p a r t i c l e s may contract 
upon drying out givi n g higher porosities than expected. 
The Y. values of these granite samples are s t i l l lower than those 
of the sands, gravel and clay materials of the water-bearing horizons 
I n the Narrator v a l l e y , as derived from the Slug-Test data 
(Chapter 6). 
A series of porosity measurements were carried out on a v a r i e t y 
of d i f f e r i n g grades of weathered granite by Fookes et a l . (1971), 
p a r t i c u l a r l y i n the v i c i n i t y of Burrator and at other locations on 
Dartmoor. These determinations are present i n Table 2:7. These 
I l l u s t r a t e the range of l i k e l y p o r o s i t i e s to be expected I n weathered 
granite areas on Dartmoor. 
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Table 2:7 Dartmoor Granite Porosity Measurements 
a f t e r Fookes et a l . (1971) 
Granite Location Porosity % 
Merrlvale Quarry Not determined (n.d.) 
Burrator Quarry n.d. 
n Roadside n.d. 
ti Quarry 1.65 
Roadside 5.5 
•• Quarry 8.85 
Roughtor Quarry 3.9 
•* Quarry 8.7 
n Quarry 1.56 
Burrator Roadside n.d. 
2:4:4 Gross Hydraulic Conductivity Determinations 
The v a r i e t y of materials i n the Narrator Brook aquifer with 
d i f f e r e n t hydraulic conductivities indicates the hydrogeologlcal 
complexity of the region, and makes resource assessment d i f f i c u l t . 
attempt was made to derive an o v e r a l l average gross catchment 
hydraulic conductivity value as follows: 
Using the data available f o r the water year 1978/79 an estimate 
f o r (K) was determined using Darcy's Law given by 
Q = KIA 
catchment area A = 4.75 x 10^ m^  
e f f e c t i v e i n f i l t r a t i o n per year = 1.093 m year"^ 
average hydraulic gradient = 1 =0.03 
volume of i n f i l t r a t i o n per year = 1.093 x 4.75 x 10^ m^year"^ 
K = 1.15 X 10-^ m sec"^ 
For a refinement of the gross catchment K-value above: 
An 
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Gross catchment hydraulic conductivity K*^  
Number of wet days i n the year K X 
Days i n the year 
The number of wet days i n the year refers to those when the s o i l 
moisture d e f i c i t (S.M.D.) i s zero, and therefore i t i s assumed that 
any water available w i l l i n f i l t r a t e to the groundwater. In the water 
year 1978-1979 117 days were recorded when S.M.D. = 0, so the K* value 
derived f o r the Narrator Valley i s 3.6 x 10"^ m sec"^. 
I t i s emphasised that t h i s c a l c u l a t i o n i s merely an attempt to 
quantify the gross hydraulic c h a r a c t e r i s t i c s of the Narrator Brook 
catchment as though i t were tr a n s m i t t i n g groundwater as d i f f u s e flow. 
The real physical s i t u a t i o n I s most u n l i k e l y to be one of homogeneous 
di f f u s e flow because of the j o i n t and f i s s u r e systems i n the more 
so l i d bedrock i n the higher reaches of the catchment. 
2:4:5 Groundwater Transit Time 
An estimate f o r the actual t r a n s i t time f o r groundwater movement 
can be derived using the relationships 
V, 
V = - J i a f t e r Todd (1959) a 
where V ° actual v e l o c i t y of flow a 
V = darcy v e l o c i t y of flow d 
n = e f f e c t i v e porosity 
and = Ki d 
Using the t o t a l annual d a i l y flow of 78.62 m^sec"^ f o r 1978-1979, and 
Q = KIA, then Ki =» 1.7 x 10"^ msec"^. Porosity measurements of 
weathered but coherent granite sections I n the Narrator Brook 
catchment by W.R.C, (section 2:4:3) give values of 6.8% and 10,1% 
using n = 0.068 then the actual v e l o c i t y of flow i s estimated at 
2,5 X lO^'* m sec"^, and choosing a 2 km flowpath, l e , from Combshead 
Tor to Station Cutt, t r a n s i t time f o r water from one end of the 
catchment i s estimated at 0*254 years (3 months). 
This i s only a t e n t a t i v e suggestion since several physical 
features I n the catchment may profoundly a l t e r the estimate. The 
porosity values, as determined by the W.R.C,, are l i k e l y to be higher 
than those expected f o r p a r t i a l l y weathered granite, due mainly to 
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contraction of weathered clay minerals, and leakage around the sample. 
On the other hand areas of gravelly deposits w i l l have much higher 
porosities which w i l l reduce flow v e l o c i t i e s , while the granite 
bedrock w i l l have n e g l i g i b l e values. Water i n f i l t r a t i n g i n t o the 
surface layers of the catchment may not necessarily flow d i r e c t l y to 
the water table, and contribute to groundwater flow. The impedence of 
the i n f i l t r a t i o n of p r e c i p i t a t i o n waters i n the catchment by the i r o n -
pan i s a factor i n point. 
Certain areas i n the groundwater observation network appear to be 
underlain by clay layers that support perched water bodies. The 
d i r e c t i o n and speed of flow, i f any, w i t h i n these perched lev e l s i s 
d i f f i c u l t to Judge, and may not be related to the normal down v a l l e y 
flow w i t h i n the main groundwater zone. The fact that clay layers are 
overlain by coarser sands and gravels, may r e s u l t i n quite high 
localised porosities that w i l l reduce flow v e l o c i t i e s . 
2:4:6 Watertable Fluctuations 
The watertable f l u c t u a t i o n s have been monitored f o r the 
groundwater sub-catchment from November 1978 to February 1980. The 
watertable i s near the surface by the Narrator Brook and i t s lower 
t r i b u t a r i e s but varies i n depth below the surface elsewhere. 
The topographic location of the observation wells i n the Narrator 
Valley are i l l u s t r a t e d i n the cross-valley p r o f i l e s i n Figures 2:13a-
c. Gustafsson (1966) suggested that i f groundwater surface levels are 
p l o t t e d against topographic locations of i n d i v i d u a l wells on a graph, 
and the cluster of points f a l l s on or closely below a l i n e drawn 
through the o r i g i n , then groundwater levels f o l l o w the ground surface 
very w e l l . Figure 2:19 i l l u s t r a t e s t h i s procedure f o r wells and water 
levels i n the Narrator Valley. I t can be seen from t h i s p o r t r a y a l 
that there i s a close association w i t h the p o s i t i o n of the watertable 
and the topographic height of the wells i n t h i s region. Generally the 
watertable i s high i n the valley bottom and lower or indeed 
p e r i o d i c a l l y absent as one progresses up the v a l l e y sides. This 
feature i s related to the r e l a t i v e porosity and permeabilities of the 
d i f f e r e n t zones i n the weathered p r o f i l e , and to the nature of the 
materials penetrated by the observation wells. 
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2:5 Conclusions 
I t i s evident from material presented i n t h i s chapter, c o l l a t e d 
from s i t e investigations and dam excavations, that the occurrence, 
d i s t r i b u t i o n and depth of weathered granite and i t s p o t e n t i a l f o r 
water storage i s not i n s i g n i f i c a n t , on granite areas l a south west 
England. Evidence for considerable volumes of water from excavations 
and t r i a l borehole sinking accounts, i n the weathered and frac t u r e d 
granites i n the south west t e s t i f y to t h i s . I n cases l i k e the 
Fernworthy s i t e , where the depth of weathered granite i s shallow, but 
large q u a n t i t i e s of groundwater were apparent, movement of groundwater 
I s f a c i l i t a t e d v i a fissure and j o i n t systems i n the g r a n i t e . 
Like many drainage basins on Dartmoor, the granite of the 
Narrator Brook i s overlain by a variable thickness of weathered and 
Incoherent g r a n i t i c materials. During excavation of the trench of 
Burrator Dam, s o l i d granite was reached at depths of between h a l f a 
metre and 12 m (Table 2:3) with wedge-shaped fissures extending down 
to 33 m i n t o the granite (Sandeman 1901). The decomposed granite was 
recorded as becoming more resistant w i t h depth and merging i n t o hard 
rock, i n some cases abruptly. Within the Narrator Brook v a l l e y the 
unconsolidated material i s known to be greater than 30 m at one point 
i n the valley fl o o r , , but no information i s available concerning a more 
detailed picture of weathering depths i n the catchment. 
Depths of weathered granite i n the south west have been c o l l a t e d . 
Table 2:3, and e x h i b i t varying thicknesses of less than ha l f a metre 
to greater than 34 m. This weathered zone (growan) frequently 
contains large bounders of undecomposed granite. Within the top few 
metres of the growan i n the south west, layering i s present. Such 
bedded deposits have been a t t r i b u t e d to the action of downslope 
transportation processes, possibly accentuated under p e r l g l a c l a l 
conditions (Waters 1964). 
D r i l l i n g logs from s i t e Investigations on Dartmoor show great 
s i m i l a r i t y i n that t h e i r l i t h o l o g i e s show such complex va r i a t i o n s that 
neighbouring boreholes cannot be correlated. Such was found to be the 
case i n the Narrator Brook catchment. Here thicknesses and the 
d i s p o s i t i o n of materials of d i f f e r i n g permeabilities w i t h i n the 
weathered granite matrix vary widely. A mixed assemblage of clays, 
sands, g r i t s , cobbles and the occasional granite boulder were found to 
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be the main constituents of the weathered granite In the Narrator 
v a l l e y . 
P a r t i c l e size analysis suggests that the clay content of the 
valley I n f i l l may not form the larger proportions implied from I n i t i a l 
v i s u a l assessment of borehole d r i l l i n g returns. Gravels form 24-43% 
of the weathered material, sands 56-76% with s i l t and clays being less 
than 2%. I t must be emphasised however that these p a r t i c l e size 
analyses were only carried out to depths of 3 m below the surface, 
and such qua n t i t a t i v e studies at depths greater than t h i s may prove 
contrary conditions. 
A range of porosity values measured at Burrator, i n the v i c i n i t y 
of the Narrator Brook v a l l e y , and at other s i t e s on Dartmoor have been 
presented i n t h i s chapter. The porosity and hydraulic conductivity 
ranges reviewed h i g h l i g h t the hydrogeological complexity of weathered 
granite regions, and the uncertainty Involved i n groundwater resource 
assessment i n such areas. Porosity values range from 1.65-11.56% fo r 
weathered granites with a gross hydraulic conductivity value of 
3.6 X 10"^ m sec"^ being presented f o r the Narrator Brook aquifer. 
Past mining a c t i v i t i e s may enhance the subsurface flow pathways 
i n weathered and fractured granites by u t i l i s i n g the old a d i t s and 
drainage channels. There i s l i t t l e d e t a i l e d documented evidence of 
the extent of these a c t i v i t i e s of parts of Dartmoor, and In p a r t i c u l a r 
the Narrator Brook Catchment. As a consequence of t h i s . I n 
association with the v a r i e t y of materials of d i f f e r i n g hydraulic 
properties, estimates of v e l o c i t i e s and throughput or t r a n s i t time of 
3 months for the Narrator Brook Catchment must be viewed with caution. 
The d i s p o s i t i o n and thickness of weathered materials on the granites 
i n south west England are l i k e l y to be unique f o r each lo c a t i o n . As 
such, s i t e s w i l l e x h i b i t hydrogeological complexity which i s s p e c i f i c 
to the l o c a t i o n , making p o t e n t i a l resource assessment d i f f i c u l t . 
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Chapter 3 
The Data Collection Network I n the Narrator Brook; Field and 
Laboratory Techniques 
3:1 Introduction 
As outlined I n Chapter 2 studies were undertaken I n the Narrator 
Brook Catchment, with a view to el u c i d a t i n g the hydrogeological 
characteristics of weathered granite areas. The experimental network 
used i n the Narrator Catchment was designed to provide data for the 
following purposes: 
(a) to determine annual changes i n the groundwater regime i n 
weathered granite regions 
(b) to determine the e f f e c t and magnitude of the 
i n t e r r e l a t i o n s h i p of p r e c i p i t a t i o n , evapotranspiration, 
spring discharges, r i v e r stage and reservoir levels w i t h 
water l e v e l f l u c t u a t i o n s 
(c) to indicate the direc t i o n s of groundwater flow 
(d) to determine aquifer hydraulic c h a r a c t e r i s t i c s 
(e) to delineate areas of recharge and discharge i n the 
catchment. 
Information on groundwater conditions were obtained from measurements 
from three main sources: 
(1) water l e v e l f l u c t u a t i o n s I n wells i n the observation 
network 
(11) spring discharges 
( i l l ) surface water discharges. 
3:1:1 Water-Level Data 
Water-level data provide records of short-term changes and long-
term trends of f l u c t u a t i o n of storage w i t h i n a s p e c i f i c aquifer. The 
amount of information derived i s dependent upon the length of the 
observation period, and the standard of data collected. A water-year, 
running from October of one year to September of the following year i s 
the standard observation period u t i l i s e d by the water industry i n the 
UK. Such a time-period covers marked seasonal recharge and discharge 
of water to aquifers, and I s useful f o r water resource evaluation i n 
t h i s country. The 16 month period of observation u t i l i s e d f o r t h i s 
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i n v e s t i g a t i o n 'bridges* the standard water years October 1978 to 
September 1979, and October 1979 to September 1980. 
Water l e v e l f l u c t u a t i o n data was collected on a routine basis 
from a number of wells penetrating the aquifer. Wells generally serve 
as devices f o r e x t r a c t i n g groundwater from aquifers, (Walton 1970). A 
well I s a hydraulic structure which, when properly designed and 
constructed f o r s p e c i f i c i n v e s t i g a t i o n s , permits the economic 
withdrawal and measurement of water from the water-bearing formation. 
How adequately i t w i l l accomplish t h i s purpose depends on the s k i l l i n 
d r i l l i n g , and w e l l construction that Insures taking best advantages of 
the geologic conditions, and the c a r e f u l selection of casing 
materials, (Johnson 1975). 
In theory, a w e l l intersects the uppermost surface of the zone of 
saturation, e i t h e r the watertable i n the unconfined case, or the 
piezometric surface i n the confined condition. I t can be f u l l y or 
p a r t i a l l y penetrating i n nature, and may be dug, angered or d r i l l e d ; 
cased or uncased; and may vary i n diameter and depth (Cruse 1979). 
3:1:2 Well Design Considerations 
The type of w e l l adopted must depend on the purpose of the 
In v e s t i g a t i o n , the depth to groundwater, geologic conditions, and 
economic considerations (Todd 1959). Wells i n s t a l l e d f o r the purposes 
of studying groundwater conditions i n an area are termed observation 
wells or piezometers (Ward 1976). An observation borehole, as defined 
by the Research Panel, I n s t i t u t i o n of Water Engineers (1969), i s a 
boring, generally of small diameter which i s d r i l l e d i n t o underground 
strata to penetrate the aquifer e i t h e r p a r t i a l l y or f u l l y . I t thereby 
provides a means of measuring the physical and chemical properties of 
groundwater and the physical c h a r a c t e r i s t i c s of the aquifer (Walton 
1970). 
The type of observation w e l l to be used f o r water-level 
f l u c t u a t i o n data, must be considered I n r e l a t i o n to the v a l i d i t y of 
results to be obtained from them. Two problems arise: f i r s t l y , to 
what degree i s the water-level i n the wells a true r e f l e c t i o n of the 
surrounding watertable; and secondly, to what extent Is the v a l i d i t y 
of the water-levels affected by the diameter of the w e l l and other 
characteristics of the casing arrangements? 
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As a r e s u l t of comparisons of d i r e c t (open wells, piezometers, 
tensiometers) and i n d i r e c t (neutron s c a t t e r i n g , gamma densitometry, 
seismic and r e s i s t i v i t y ) methods of measuring water-table elevations, 
Myers and Van Bavel (1963) suggested that open wells give a true 
measurement of the water-table elevation. This holds providing there 
i s no appreciable v e r t i c a l flow component and equilibrium obtains i n 
the s o i l water system. Lag due to storage volume of a large open w e l l 
may cause appreciable errors i n s o i l s of low permeability. 
During an i n v e s t i g a t i o n of shallow groundwater i n sandy s o i l s of 
the Coachella v a l l e y , C a l i f o r n i a , Richards et a l . (1973) noted that 
the water-level i n a w e l l i s the same as the water-level i n the s o i l . 
I f the water i n the s o i l i s s t a t i c , or i f the depth of water i n the 
w e l l i s shallow. In t h i s case the water-table position w i l l be 
reasonably c o r r e c t l y determined i n a w e l l . Richards ^ ^ * (1973) 
mention however that i f the water i n the s o i l i s moving v e r t i c a l l y , i f 
the s o i l i s s t r a t i f i e d , or i f the water i n the w e l l i s deep, there may 
be a considerable difference between the true watertable and the water 
l e v e l i n the w e l l . 
Since a well i s permeable i t may act as a s h o r t - c i r c u i t between 
layers of d i f f e r e n t material. Water storage i n the well may also 
cause water-level changes i n the well to lag behind water-table 
changes i n the s o i l or aquifer material. In the evaluation of shallow 
groundwater movement i n a Boulder Clay catchment, Bonell (1978) 
u t i l i s e d a nework of perforated polythene tubes of 5.08 cm and 6.35 cm 
diameter, to monitor groundwater l e v e l f l u c t u a t i o n s i n Holderness, 
Yorkshire. These provided 'satisfactory data' of water-level 
movements fo r his i n v e s t i g a t i o n . 
Ward (1962) came to the conclusion that the l e v e l of the 
watertable could be accurately determined i n an observation w e l l , but 
the accuracy of results w i l l increase as the diameter of the well 
decreases. The underlying p r i n c i p l e i s that the wider the w e l l i s , 
the more i t departs i n size from the i n t e r s t i c e s i n which groundwater 
i s n a t u r a l l y held, and the more l i k e l y i t i s to improve a r t i f i c i a l 
flow conditions which r e s u l t i n a lowering of the watertable at the 
observation point. 
I n the analysis of a v a r i e t y of pump t e s t s , Kruseman and De 
Ridder (1970) found that rapid and accurate measurements of water-
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levels can be obtained by small diameter piezometers. I f the diameter 
was large the volume of water contained i n the piezometer may cause a 
time-lag i n changes of drawdown. Similar p r i n c i p l e s can be applied to 
piezometers i n a non-pumping aquifer. I n general i t i s undesirable to 
use production wells for water-table observations as t h e i r large 
diameters and pumping ef f e c t s may d i s t o r t the f l u c t u a t i o n i n , or the 
shape of, the groundwater body, r e s u l t i n g i n erroneous i n t e r p r e t a t i o n s 
of the areal conditions (UNESCO 1975). 
Observation wells are commonly of small diameter p r i m a r i l y 
because the d r i l l i n g of a small-diameter w e l l i s cheaper (Monkhouse 
and P h i l l i p s 1978). They must however be of large enough diameter to 
permit a measurement of the water l e v e l without d i f f i c u l t y , and to use 
a water sampler I f changes i n groundwater chemical composition are to 
be studied. The wells also need to be large enough to allow the 
periodic removal of accumulated sediment and any rubbish Introduced at 
the well head. Considering these f a c t o r s , UNESCO (1975) recommends 
observation wells should be constructed w i t h inner diameters ranging 
from 5-15 cm. 
The number of observation wells necessary to study the 
groundwater regime, and t h e i r areal d i s t r i b u t i o n i s dependant on the 
hydrogeological features of the area to be Investigated and the type 
of study planned (Dlxey 1950). The number of observation wells 
u t i l i s e d vary i n the l i t e r a t u r e , as can be seen from Table 3:1 which 
i l l u s t r a t e s documented well densities. I n practice the w e l l densities 
tend to be a function of finance, aquifer m a t e r i a l , and the type of 
investigation being undertaken. 
3:2 The Observation Network i n the Narrator Catchment 
In addition to the previously discussed factors concerning the 
choice of observation wells, the following s p e c i f i c considerations 
were taken i n t o account i n the s e t t i n g up of the network i n the 
Narrator Brook catchment: 
1. Good areal d i s t r i b u t i o n 
2. A c c e s s i b i l i t y 
3. Hydrogeological v a r i a b i l i t y . 
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Table 3:1 Well Densities 
Author Type of Aquifer Location { Well Density 
Rasmussen & 
Andreasen 
1959 
Sands, s i l t s and 
gravels over-
l y i n g c r y s t a l l i n e 
rocks 
Beaverdam 
Creek, U.S.A. 
0.5 wells/km2 
Schlct and 
Walton 
1961 
•* 
Panther Creek 
Hadley Creek 
Goose Creek 
I l l i n o i s , U.S.A. 
0.0859 
0.156 
0.0742 
De Ridder and 
Wit 
1965 
S i l t s and clays 
overlying w e l l 
sorted coarse-
medium sands, 
underlain by 
Ollgocene clay 
Estuary Polder, 
S.W. Netherlands 
3.81 
Smith 
1966 
Millstone G r i t , 
Magnesium lime-
stone and Bunter 
sst. 
Yorkshire, U.K. 0.0082 
Bonell 
1971 
Gl a c i a l clay 
and sands 
Holderness 
Yorkshire, U.K. 
2.27 
Desmedt, 
Van der Beken 
and Demarre 1977 
Peat and 
alluvium 
Belgium 28 
Uhl 
1979 
Sapolite, basalt 
sandstone and 
granite 
Satpura H i l l s 
Central India 
0.0163 
Granneman and 
Sharp 
1979 
River v a l l e y 
i n f i l l , sands, 
gravels and 
a l l u v i a l 
Missouri 
River Valley 
U.S.A. 
0.312 
This study Weathered granite 
Head deposits, 
alluvium over-
l y i n g granite 
Narrator Brook 
U.K. 
2.77 
1. The data c o l l e c t i o n network f o r groundwater consists of t h i r t e e n 
w ells, astride the p r i n c i p a l d i r e c t i o n s of surface water flow i n 
t h i s part of the catchment. The wells are located on both sides 
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2. 
of the Narrator Brook and Sheepstor Beck, and near the 
reservoir. 
The requirement of a good areal d i s t r i b u t i o n was the main 
consideration i n the choice of w e l l p o s i t i o n s , but f i n a n c i a l 
constraints r e s t r i c t e d the number of wells i n s t a l l e d . The 
t h i r t e e n observation wells are i d e n t i f i e d by s i t e numbers 1, 2, 
3, 4, 6, 7, 9, 10, 11, 12, 13, 14 and 15. Well 5 was abandoned 
a f t e r severe caving during d r i l l i n g and Well 8 was not attempted 
due to problems with the d r i l l ' s compression u n i t . 
The location of i n d i v i d u a l s i t e s were chosen to f a c i l i t a t e 
d r i l l i n g operations i n terms of a c c e s s i b i l i t y , and to be i n close 
association with the p r i n c i p a l surface drainage l i n e s . This 
l a t t e r feature was included to enable an assessment of the degree 
of hydraulic c o n t i n u i t y between the stream and the aquifer. 
The wells were located to take i n t o the network a v a r i e t y of 
hydrogeological conditions with respect to a l t i t u d e , slope and 
position r e l a t i v e to the reservoir and surface.drainage. Table 
3:2 summarises the topographical positions of the wells. 
Table 3:2 Topographical Position of Wells 
Position i n Catchment Well Numbers 
High-Middle Slope 
Base of Slope 
Valley Floor 
Reservoir Level 
Banks, Streams and Springs 
1, 2, 14, 13 
9, 12, 15 
10, 11, 7 
6. 7 
3, 4, 11 
In the f i r s t instance, i n the planning of the network, e l e c t r i c a l 
r e s i s t i v i t y and geoseismic methods were u t i l i s e d i n the hope of 
positioning the wells i n more representative s i t e s , with regard to the 
hydrogeological conditions present i n the catchment. The r e s u l t s of 
these geophysical surveys were generally inconclusive. This was 
thought to be due to peaty and unconsolidated subsurface conditions. 
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Thus the resultant network of observation wells was chosen mainly w i t h 
regard to topographic considerations. 
3:2:1 I n s t a l l a t i o n of Observation Wells 
Observation wells may be d r i l l e d by several d i f f e r e n t methods 
using d r i l l r i g s of various designs, the most common being the rotary 
and the cable-tool percussion types. According to Cruse (1979) there 
i s , however, no water-well d r i l l i n g technique applicable to a l l 
conditions found in'the f i e l d . I t I s therefore important to use the 
system appropriate to s i t e conditions (Stow 1962). 
Primarily because of economic considerations, an a i r r o t a r y 
system f o r d r i l l i n g was u t i l i s e d for t h i s i n v e s t i g a t i o n . I t was 
anticipated that massive granite (devoid of Joint systems), fractured 
granite (traversed by j o i n t s and cracks), or weathered granite (from 
rocks e x h i b i t i n g s l i g h t l y altered minerals to incoherent m a t e r i a l ) , 
would be met soon a f t e r penetration of s u p e r f i c i a l materials and 
s o i l s . This type of d r i l l i n g i s known as the down-the-hole-hammer. 
The technique was o r i g i n a l l y designed i n Sweden and developed i n the 
U.S.A. (Johnson 1975). I t combines the percussion e f f e c t of cable-
t o o l d r i l l i n g and the rot a r y action of rotary d r i l l i n g . E s s e n t i a l l y a 
pneumatic hammer i s operated at the lower end of a d r i l l - p i p e , and 
compressed a i r I s transported down the d r i l l pipe and back up between 
the pipe and the borehole w a l l , thus removing the chlppings. 
The d r i l l i n g b i t consists of an al l o y s t e e l hammer with heavy 
tungsten-carbide i n s e r t s which chip and crush the rock. I t i s a 
p a r t i c u l a r l y suitable method I n d r i l l i n g f o r groundwater i n 
c r y s t a l l i n e rocks, or other materials with high compressive strength, 
(Beyer 1966). The rate of penetration i n several types of rock i s 
well documented as being f a s t e r than other methods and t o o l types ' 
(Cruse 1979). Campbell and Lehr (1973) cited that down-the-hole-
hammer i s most e f f i c i e n t i n consolidated rock formations which do not 
require casing. They suggested that the technique i s not usually 
s a t i s f a c t o r y for use on boulders or unconsolidated formations, 
although i t does achieve some success i n these materials. 
As a resu l t of a survey dealing with water-well design, d r i l l i n g 
s pecifications and wel l development i n a v a r i e t y of Igneous and 
sedimentary rocks i n the U.S.A., Ahrens (1970) noted that i n the case 
of specialised d r i l l i n g techniques when the optimum operating 
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conditions are not met the d r i l l i n g success rate f a l l s o f f markedly. 
In the l i g h t of experience of the d r i l l i n g operations i n the Narrator 
Brook the down-the-hole-hammer method proved not e n t i r e l y s u i t able f o r 
the ground conditions encountered. The hammer did not operate 
e f f i c i e n t l y i n the unconsolidated material, which also contained large 
quantities of clay. Such conditions were experienced at Sites 5, 6, 
11, 13 and 14 as I l l u s t r a t e d by the d r i l l i n g logs i n Appendix 1. 
Observations of water being blown out of the hole w i t h cuttings 
during d r i l l i n g , indicated the p o s i t i o n of the watertable. Such water 
issuing from the ground, was formed by the action of the compressed 
a i r r i s i n g up the annulus between the pipe and borehole w a l l , and was 
experienced at a l l s i t e s , except Site 14 (where the watertable was not 
penetrated) during the d r i l l i n g operations i n the catchment. The 
borehole logging carried out i n the catchment only gives an i n d i c a t i o n 
of the d i s p o s i t i o n , depth and l i k e l y nature of the materials i n the 
Narrator Brook. The borehole logs f o r a l l d r i l l e d s i t e s are i n 
Appendix 1 and are described i n d e t a i l i n Chapter 2. 
Samples of d r i l l e d material were taken at 3 m i n t e r v a l s , 
corresponding to the length of i n d i v i d u a l d r i l l s t r i n g s . I t was 
considered that p a r t i c l e size analysis of these samples would not be 
useful, since materials from varying depths had been mixed up during 
t r a n s i t to the surface via the compressed a i r column. 
3:2:2 Well Dimensions 
Economic considerations tend to be the deciding factor i n the 
selection of d r i l l i n g methods, depths of penetration,. diameter of the 
borehole, and casing c h a r a c t e r i s t i c s . In t h i s i n v e s t i g a t i o n a maximum 
depth of 20 m was decided upon, but i f bedrock was reached beforehand 
then that depth would be the finished depth of the borehole. This 
depth was determined mainly from the evidence of weathered depths from 
other valleys on Dartmoor, as outlined i n Chapter 2. I n the Narrator 
Brook, the base of the valley aquifer i s assumed to be coincident with 
the s o l i d granite basement. As mentioned i n Chapter 2, water movement 
through the granite mass i s l i k e l y to only take place v i a localised 
j o i n t systems, whose subsurface presence or d i s p o s i t i o n are unknown i n 
the Narrator Catchment. Consequently the granite boundary i s taken to 
be an impermeable layer. I f t h i s i s the case, d r i l l i n g f u r t h e r would 
not be l i k e l y to penetrate a water-bearing horizon. 
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The diameter of the holes d r i l l e d was 37.5 mm (Figure 3:1). A 
32 mm casing was I n s t a l l e d and the 5.5 mm annular r i n g was b a c k f i l l e d 
as outlined i n Section 3:2:7. Table 3:3 gives the depths of the 
observation holes. Some wells were d r i l l e d to greater depths than 
t h e i r cased dimensions, but caving took place a f t e r withdrawal of the 
d r i l l rods, before the casing could be i n s t a l l e d , r e s u l t i n g i n a 
Table 3:3 Observation Borehole Depths 
Sites 5 and 8 were abandoned 
Site D r i l l e d Depth Casing Depth Comments 
1 19.5 19.25 -
2 19.0 18.79 -
3 3 2.29 caving 
4 3 1.30 caving 
6 7 5.63 caving 
7 13.50 13.50 -
9 15.0 14.72 -
10 12.0 9.67 -
11 12.0 4.80 badly caving 
12 12.0 9.39 -
13 16.0 10.33 -
14 15.0 12.76 water table 
not registered 
15 15.0 14.45 — 
shallower observation w e l l . This occurred at Sites 4, 5, 6, 11, 12 
and 13. 
3:2:3 Casing Materials 
These consisted of 3 m lengths of white polypropylene tubes with 
an i n t e r n a l diameter (I.D.) of 32 mm. They were joined together with 
s t r a i g h t couplings of the same mate r i a l , glued Into p o s i t i o n , and 
lowered down the d r i l l e d holes. 
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FIGURE 3:1 
OBSERVATION WELLS:-DIMENSIONS 
37-5mm 
i 
32 mm 
Ground 
. I _ i _ . O ^ " ^ level 
1 
PLAN VIEW 
Scale: Actual size 
ELEVATION 
Rubber bung 
Observation well 
Cylindrical outer 
cover 
Backfill material 
to support the 
observation well 
CsS and outer cover 
^^ S^ i^^ '^  —Formation stabilizer 
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Previously constructed I m lengths of w e l l screen were attached 
at the lower ends of the casing by another s t r a i g h t coupling. A 
rubber bung, dimensions: 35 mm diameter at i t s top; 30 ram diameter at 
i t s base, were u t i l i s e d to seal o f f the lower end of the screen. 
Another bung of the same dimensions was used as a stopper a t the 
surface end ( w e l l head) to allow both access f o r measurements of the 
watertable, and to prevent d i r e c t accretion of rainwater to the 
groundwater. 
3:2:4 Well Screens 
A we l l screen serves as the intake section of a w e l l t h a t obtains 
water from an unconsolidated aquifer. The well screen allows water to 
flow f r e e l y i n t o the w e l l from the saturated horizons, prevents 
material entering with water, and serves as a s t r u c t u r a l r e t a i n e r to 
support the borehole i n an unconsolidated aquifer (Todd 1959). 
Desirable features of a properly designed well screen are 
reviewed by Johnson (1975), Campbell and Lehr (1973) and Ahrens 
(1970). These include: 
(1) Openings should be i n the form of s l o t s which are continuous 
and uninterrupted around the circumference of the screen, 
(11) A close spacing of the s l o t opening should be adopted to 
provide the maximum percentage of open area, which should be 
consistent with an adequate strength of the screen, 
( i l l ) The screen should be strong enough to r e s i s t the forces to 
which i t may be subjected during and a f t e r i n s t a l l a t i o n , 
( i v ) Screens should be b u i l t from suitable materials to avoid 
corrosion. 
I n the place of commercial w e l l screens 'make-shift' substitutes 
are often employed. Slotted casing can be made by sawing s l o t s 
ranging from 0.025-0.635 cm i n width, gi v i n g a maximum open area of 
12% f o r the larger sl o t s (U.S. Department of the I n t e r i o r , 1977). 
Perforated casing can be made by punching holes i n t o the screen 
section, but these are more d i f f i c u l t to develop than continuous s l o t 
screen (U.S. Dept. I n t . , 1977). This i s because i r r e g u l a r edges 
Impede water movement and cause excessive head loss. The desirable 
open area i n a w e l l should be at least equal to the porosity of the 
aquifer material (Walton 1970). 
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Whatever design i s chosen the s l o t size should be such that the 
entrance v e l o c i t y of water should not normally exceed 0.03 m sec"^ , 
(Jeffcoate 1977). This ensures laminar flow of water at the well 
interface during pumping, (Walton 1970). Higher v e l o c i t i e s increase 
the l i a b i l i t y to blockage due to chemical scale. 
I f the percentage open area i s smaller than aquifer porosity, 
c o n s t r i c t i o n of flow occurs as the water enters the w e l l . I n a 
production well t h i s means more drawdown because add i t i o n a l head loss 
occurs i n the movement of water through the screen openings (Campbell 
and Lehr 1973). 
A well screen i s p a r t i c u l a r l y susceptible to corrosion attack and 
i n c r u s t a t i o n by mineral deposits. The many perforations expose more 
surface area to a reactive environment i n the water-bearing s t r a t a . 
Plastic i s p r a c t i c a l l y immune to corrosion attack, but p l a s t i c screens 
commonly have r e l a t i v e l y low percentage of open areas (U.S. Dept. of 
I n t e r i o r 1977). Non-reinforced p l a s t i c s are subject to creep under 
sustained load with resultant changes i n s l o t size-
The collapse resistance of p l a s t i c screens i n unconsolidated 
material, p a r t i c u l a r l y i n wells deeper than 45 m i s questionable, 
unless w a l l thicknesses are properly sized to r e s i s t stresses (Johnson 
1975). Increasing wall thicknesses increases the stress-resistant 
nature of the casing but increases the cost (Campbell and Lehr 1973). 
In conclusion, p l a s t i c casing has high corrosion resistance but 
t h e i r use i s l i m i t e d to shallow small diameter wells of low capacity. 
A well screen i s adequate only when i t i s capable of l e t t i n g sediment-
free water flow i n t o a w e l l i n ample quantity and with the minimum of 
head loss. A l l screens are subject to some extent to plugging through 
s i l t i n g by mechanical processes, which lowers t h e i r water-transmitting 
capacity. Screen s i l t i n g processes appear less s i g n i f i c a n t i n 
polyethylene pipes (UNESCO 1975). 
I n the observation wells of the type used i n t h i s i n v e s t i g a t i o n , 
factors of corrosion, strength, costs, s l o t size and the percentage of 
open area of the screen, were taken i n t o consideration. The o v e r a l l 
design of the Narrator Brook observation wells s a t i s f i e d the 
previously discussed design considerations. I t should be pointed out 
that since these wells were not constructed for water supply purposes, 
wel l entrance v e l o c i t i e s were not ascertained. I t was decided that a 
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well screen was an i n t e g r a l part of the network design, p a r t i c u l a r l y 
as i t was intended that pump tests were to be conducted on selected 
s i t e s . With these aims i n mind, and given the f i n a n c i a l and time 
constraints, an appropriate well screen design was chosen, 
3:2:5 Slot Size Determination 
Samples of a v a r i e t y of g r a n i t i c materials were taken. Soils 
along with gravel mixtures, sands and clays, were collected from 
l o c a l i t i e s w i t h i n the catchment upstream of the Narrator Brook bridge, 
(N.G.R. S.X. 569690). Materials from h i l l s l o p e exposures, banks, p i t s 
and ditches, along with r i v e r bed samples were taken. From t h i s 
v a riety of catchment material the d50 grain size, l i k e l y to be 
representative of the water-bearing formations was obtained. P a r t i c l e 
size analysis placed the majority of these samples i n the f i n e sand-
gravel grade (0.06 mm-2.0 mm dia.) (Wentworth 1922) with a median 
value of approximately 1.8 mm. 
Stow (1962) suggested that sl o t s i n the screen should be 
s u f f i c i e n t l y narrow to r e t a i n 40-60% of the aquifer material. 
Jeffcoate (1977) recommended that for deep boreholes the s l o t size i s 
usually selected to r e t a i n about 40% of the sample, but with shallow 
formations a much wider s l o t may be j u s t i f i e d , since rapid development 
of the whole length of screen can be achieved without excessive 
collapse of the surrounding material. For the materials thought to be 
representative of subsurface conditions i n the Narrator Catchment the 
appropriate size of the s l o t opening was determined as 2.55 mm. 
However, due to the r i g i d i t y and low strength of the casing m a t e r i a l , 
a 2 mm diameter (d60) size was selected. 
The slot s were 2 cm i n length around the circumference of the 
screen, with 1 cm between the end of one s l o t and the beginning of 
another and a 1 cm width between o f f s e t rows In the screen, as 
i l l u s t r a t e d i n Figure 3:2. This o f f s e t arrangement was used because 
of the lower strength of the polypropylene sections when perforated. 
3:2:6 Screen Length, Position and Ef f e c t i v e Open Area 
Screen length selection i s often a compromise between factors of 
cost and l i t h o l o g i c a l conditions (Walton 1970). The screen length i s 
based i n part on the e f f e c t i v e open area of the screen and on the 
optimum screen entrance v e l o c i t y . When a screen i s placed i n an 
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aquifer sediment w i l l s e t t l e around i t and p a r t i a l l y block the s l o t 
openings. The amount depends on the shape and type of s l o t , and on 
the shape, size and sorting of the surrounding water-bearing 
materials. On average half of the open area of screen w i l l be blocked 
by aquifer material, therefore the e f f e c t i v e open area i s usually 50% 
of the actual open area (Monkhouse and P h i l l i p s 1978). The open area 
for the Narrator Catchment well screens was 9.52% as compared to 12% 
as recommended by U.S. Department of the I n t e r i o r (1977). This gives 
an e f f e c t i v e open area of less than 5%. I f these were production 
wells they would be very I n e f f i c i e n t (Monkhouse 1975). 
The optimum length of well screen should be chosen with r e l a t i o n 
to the thickness of the aquifer, available drawdown and s t r a t i f i c a t i o n 
of the aquifer. An example cited by Johnson (1975) gives a screen 
length equal to about one t h i r d of the saturated thickness of a 
homogeneous watertable aquifer. Walton (1970) suggests that as long a 
screen as possible should be used to reduce entrance v e l o c i t i e s and 
the e ffects of p a r t i a l penetration of the aquifer by a w e l l . He also 
suggests that under watertable conditions, optimum production, w e l l 
speci f i c capacity and y i e l d are obtained by screening the lower one 
t h i r d to one half of the aquifer. Prior to d r i l l i n g i n the Narrator 
Valley r e l a t i v e l y l i t t l e s p e c i f i c information was available concerning 
subsurface l l t h o l o g i e s and the d i s p o s i t i o n of the water-bearing 
horizons. Consequently the r e l a t i v e p o s itioning of the well screen i n 
the most permeable section could not be predetermined. 
According to UNESCO (1975) the screen for an observation w e l l Is 
commonly I n s t a l l e d at a depth that w i l l ensure i t s remaining below the 
lowest anticipated water l e v e l . Generally screen lengths for such 
observation wells need not exceed 2 m, a length that ensures a good 
response to the well water l e v e l f l u c t u a t i o n s . Prior to d r i l l i n g , the 
assumption was made that lower down i n the aquifer Intergranular flow 
predominates, so the lower portions of the boreholes were l i k e l y to 
provide the most water. In accordance with t h i s supposition, one 
metre lengths of slotted-screens were u t i l i s e d . 
In accordance with recommendations from the U.S. Dept. I n t e r i o r 
Bureau of Reclamation (1977) that screens set i n unconsolidated 
materials should have a bottom seal or plug, rubber bungs were placed 
i n t o the lower ends of the screens at a l l s i t e s (Figure 3:2). Such a 
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FIGURE 3:2 
W E L L SCREEN AND CASING ARRANGEMENT 
(not to scale) 
V 
V 
Rubber Bung 
Ground Surface 
Annulus backfilled with drilled 
material and formation stabilizer 
around well screen 
Coupling glued into position 
Polypropylene casing 
•1 metre length 
of slotted 
well screen 
X Rubber Bung 
seal precludes heaving of materials up I n t o the well and provides a 
bearing area f o r support of the screen assembly* The rest of the 
borehole was l i n e d w i t h unperforated casing, 
3:2:7 Formation S t a b i l i s e r 
A sand and gravel mixture, the formation s t a b i l i s e r , was u t i l i s e d 
to f i l l the annular space around the w e l l screen and the lower part of 
the casing* The p r i n c i p a l functions of a formation s t a b i l i s e r as 
suggested by Ahrens (1970) and Agerstand (1966) are outlined below: 
(1) to s t a b i l i s e the aquifer and minimise sediment Ingress 
(2) to permit the use of the largest possible s l o t size with a 
resultant maximum e f f e c t i v e open area 
(3) to provide an annular zone of high permeability thereby 
increasing the e f f e c t i v e radius of the well 
(4) to support the screen against unbalanced forces which might 
arise during development of the w e l l . 
Formation s t a b i l i s e r I s a less uniform mixture of grain sizes 
than a conventional gravel pack, whose grain size i s c a r e f u l l y 
selected to match the aquifer material, Johnson (1977) suggested a 
mixture of materials about the same or s l i g h t l y coarser than the 
water-bearing formation as being the most suitable f o r the formation 
s t a b i l i s e r . When the w e l l i s pumped t h i s mixture w i l l then r e t a i n a l l 
the aquifer material that would otherwise enter the w e l l . 
The U.S. Dept. I n t e r i o r Bureau of Reclamation (1977) recommended 
that as long as the smaller grains are larger than the scree s l o t size 
and the largest are 0.95 cm i n diameter or less, the formation 
s t a b i l i s e r w i l l achieve i t s purpose. The formation s t a b i l i s e r 
u t i l i s e d i n t h i s i n v e s t i g a t i o n were stream deposits from the Narrator 
Brook's r i v e r bed and banks, comprising sands and fine-medium gravels, 
0* 2 mm 6.0 mm i n diameter. 
3:2:8 I n s t a l l a t i o n of Casing Components 
The borehole casing, w i t h i t s screen at the base, was centred i n 
the d r i l l - h o l e and then the annulus was b a c k f i l l e d to a depth of 
approximately 4 m above the top of the screen, to allow for 
settlement. The rest of the annulus above t h i s l e v e l was b a c k f i l l e d 
to the surface w i t h the previously d r i l l e d materials. 
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The extent of the l i n i n g projecting above the ground l e v e l was 
measured at the time of i n s t a l l a t i o n , a f t e r which a small mound of 
material was arranged around i t , forming a base f o r the outer 
sleeving. Breather holes were cut I n the l i n i n g above the ground to 
permit normal groundwater f l u c t u a t i o n s . A rubber bung was used as a 
well stopper, and a length of black P.V.C. tubing was slipped over the 
i n s t a l l a t i o n to protect i t . 
3:2:9 Well Development 
Development work, according to Monkhouse and P h i l l i p s (197A), i s 
an essential operation i n the proper completion of a water w e l l . 
Although development of wells i s appropriate f o r production wells 
only, i n the case of the Narrator Valley where pump tests were to be 
carried out i n the observation wells, i t was considered to be a 
necessity. 
D r i l l i n g operations can cause some plugging of openings and 
compact previously loosely consolidated materials. Developing such 
wells w i l l eliminate the 'skin-effect' of mud caking the borehole 
walls and dislodge the unconsolidated material around the screen to 
recover l o s t porosity, and hence enhance water flow at the 
well/aquifer Interface. 
An e f f e c t i v e means of development i s to surge the water i n a 
we l l . Water i s forced Into and out of the aquifer by the operation of 
a plunger up and down i n a cylinder. This repeated motion leaves the 
aquifer materials graded r a d i a l l y from the screen centre w i t h an 
average grain size g e t t i n g smaller f u r t h e r i n t o the aquifer (Cullen 
1968). Should the aquifer contain streaks of clay i n the v i c i n i t y of 
the screen, then the surging action may we l l cause clay to plaster 
over the screen surface and thereby reduce w e l l y i e l d . According to 
Cullen (1968), care must be taken not to develop the we l l too 
v i o l e n t l y or excessive grading of the surrounding formation may cause 
subsidence of materials above the we l l screen. This w i l l e f f e c t i v e l y 
block the previously graded zone. Should a screen become wholly or 
p a r t i a l l y plugged by clay of mud, the surging action may produce high 
d i f f e r e n t i a l pressures which can cause the screen to collapse* 
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The t o o l normally used I s a surge plunger or block. This i s one 
of the most e f f e c t i v e devices f o r development (Walton 1970), A hand 
operated surge block was constructed suitable f o r use l a these small 
diameter wells, (Figure 3:3). The surge block consists of a s o l i d 
stainless-steel cylinder through which four holes have been d r i l l e d . 
A system of rubber '0' rings» housed I n notches around the 
circumference, aided the snug f i t inside the w e l l casing. A t h i n 
rubber s k i r t was attached to the top of the block which acted as a 
one-way valve on the upstroke. I n d i v i d u a l 2-meter lengths of s t e e l 
rods could be screwed together and attached by a thread housed 
c e n t r a l l y on top of the surge block as i l l u s t r a t e d i n Figure 3:3. 
Observation wells 13, 12, 10, 7 and 2 were chosen to be developed 
a f t e r i n s t a l l a t i o n . Wells 3, 4, 6 and 11 were located i n badly caving 
materials, and because of t h e i r shallow penetration depth, the well 
screen was too near the surface to enable s a t i s f a c t o r y use of the 
surge-block. Such development may have reduced t h e i r usefulness as 
wells f o r water l e v e l observations, since the r i s k of damaging the 
screens was high. Wells 9, 14 and 15 l o s t t h e i r screen plugs during 
I n s t a l l a t i o n i n t o caving sands and clays, and development of these 
sites was not undertaken since i t may have induced f u r t h e r 'heaving 
up* of material i n t o the wells. 
The wells were developed i n the following manner: 
The surge block was lowered 1-2 m below the watertable, but always 
above the top of the screen. The water column transmits the action of 
the plunger to the screen section. An upward movement produces an 
inward flow of water and f i n e materials i n t o the w e l l , and a downward 
movement reverses the flow and causes a surging e f f e c t , d i s r u p t i n g the 
bridging of grains across the screen s l o t s (Cullen 1968). 
This motion was continued smoothly for 3-4 minutes. The surge 
block was then removed and a b a i l e r lowered down to b a l l out the water 
and any p a r t i c u l a t e material. The surging and b a i l i n g was carried out 
three times, or u n t i l the water being removed was clear. 
I t was thought inadvisable to carry development on f o r longer 
periods as the casing may not have stood the s t r a i n . A maximum of 15 
minutes on each we l l was used although t o t a l time f o r development may 
range from about 2 hours on small production wells to 20 days on large 
wells with long screens (Monkhouse and P h i l l i p s 1978). The b a i l e r s 
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FIGURE 3-3 
SURGE BLOCK-HAND-OPERATED MODEL 
(Not to scale) 
Screwthread for rod attachment 
Ring to hold down rubber skirt 
Thin rubber skirt which acts as one-way 
valve on up-draught 
Rubber 'O^ rings 
30mm diameter 
Solid stainless steel cylinder with four 
valve-holes drilled through 
Water enters valve-holes on 
down-draught 
Dimensions:-
20cm long 
28mm diameter 
Design am ended after "Groundwater and wells 
Johnson Division U.S.A. 1975 
used f o r the well development are I l l u s t r a t e d i n Figure 3:4. The 
effe c t s that such well development may have had on the hydrologlcal 
response of these wells i s discussed i n Chapter 5. 
Three months a f t e r development a l l wells were tested wit h a 
plumb-weight and tape to estimate depths of sediment accumulation and 
i n f i l l i n g of the screens. Table 3:4. As expected, those without 
screen plugs, wells 9, 14, and p a r t i c u l a r l y w e l l 13, showed maximum 
depths of i n f i l l i n g of 0.62 m, 0.81 m and 6.88 m respectively. The 
casing i n well 13 at a depth of approximately 6 m below the surface 
appeared to have fractured, r e s u l t i n g i n the large amount of 
i n f i l l i n g , some 2.49 m at t h i s s i t e . Sites 3, 4, 6 and U also showed 
i n f i l l i n g depths of 0.62 m, 0.27 m, 1.16 m and 1.32 m respectively. 
This was to be expected, since the water-bearing horizons at these 
l o c a l i t i e s proved unstable during d r i l l i n g . Sites 1, 2 and 7 showed 
l i t t l e evidence of ingress of aquifer materials. 
Table 3:4 Depths of I n f i l l i n g of Observation Wells 
Well Depth of I n f i l l i n g 
1 0.0 
2 0.11 
3 0.62 
4 0.27 
6 1.16 
7 0.0 
9 0.62 
10 0.71 
11 1.32 
12 0.69 
13 2.49 
14 0.81 
15 6.88 
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FIGURE 3i4 
GROUNDWATER THERMOMETER 
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3:3 Water Levels and Discharge Measurement 
Water-table f l u c t u a t i o n s were recorded weekly on a routine basis 
between 0900-1300 hours, and on other occasions when fieldwork was 
undertaken. Levels of the water-table below the ground were recorded 
with a purpose-built water l e v e l recorder whose main components are 
I l l u s t r a t e d i n Figure 3:5. Two of these recorders were b u i l t , and 
recordings were accurate to ±1 cm. The a l t i t u d e of the observation 
wells, measured to the top of the casing were ' l e v e l l e d - i n ' . The 
heights are above O.D. (Newljm) and are i l l u s t r a t e d i n Table 3:5. 
Table 3:5 'Levelled-in' A l t i t u d e s of the Observation Boreholes 
Well Topographic Elevation 
1 239.51 m 
2 230.31 
3 223.09 
4 223.13 
6 220.24 
7 228.33 
9 237.62 
10 234.62 
11 230.86 
12 242.44 
13 248.11 
14 248.09 
15 240.89 
3:3:1 Spring Network 
The location and magnitude of springs give a good i n d i c a t i o n of 
the general hydrologic conditions i n a region. Abundant small springs 
on valley sides and the h i l l s l o p e s Indicate a shallow watertable w i t h 
a shallow c i r c u l a t i o n of subsurface waters i n aquifers of poor 
permeability (Davis and De Wiest 1966). 
The appearance of such springs may also indicate areas of 
multilayered s o i l s supplied by discrete drainage systems. I n such a 
case saturated conditions may b u i l d up from the bases of several s o i l 
layers giving r i s e to saturated l a t e r a l drainage (Reeve and Kirkham 
1951). 
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FIGURE 3:5 
WATER LEVEL RECORDER 
(not to scale) 
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In contrast large springs confined to va l l e y bottoms indicate 
high permeability and greater depths to the watertable. The presence 
of springs may also indicate the po s i t i o n of the regional watertable 
and give some in d i c a t i o n of the depth of we l l which may be necessary 
(Toth 1971). On the valley slopes, where the horizontal permeability 
of the saturated s o i l i s greater than the v e r t i c a l permeability, a 
series of 'perched* s o i l watertables may persist under suitable 
antecedent moisture conditions. These w i l l normally be located or 
'perched' above the regional watertable i n an area. 
The natural discharge i s some i n d i c a t i o n of the maximum quantity 
of recoverable water i n an area, and I n d i r e c t point measurements of 
groundwater can be made by measuring spring flow (Gray 1969). This 
method of determining groundwater discharge i s l i m i t e d by the 
d i s t r i b u t i o n of springs, and there may be a considerable time lag 
between watertable change and spring flow response, especially I f the 
recharge and discharge points are some distance apart. 
Since one of the aims of t h i s i n v e s t i g a t i o n i s to delineate areas 
of recharge and discharge, some measurements on selected springs was 
f e l t to be appropriate. Two springs were selected from w i t h i n the 
groundwater observation network area: 
(1) Spring (12/13); located between wells 12 and 13 
( l i ) Spring (11); adjacent to w e l l 11. 
Both springs are c e n t r a l l y placed i n respect of the wel l 
observation network and are ea s i l y accessible f o r sampling. Both 
springs are of a permanent nature i n contrast to the large number of 
in t e r m i t t e n t springs which issue p e r i o d i c a l l y w i t h i n the catchment. 
Spring (12/13) possesses a 45** *V' notch weir and discharge was 
recorded on a weekly basis (Chapter 5). I t also contributes 
s i g n i f i c a n t l y a l l year round to Sheepstor Beck's flow v i a an old mine 
ad i t (N.G.R. S.X. 569 686). Spring (11) Issues strongly from the 
ground, i s perennial i n nature and i s a s i g n i f i c a n t contributor to a 
t r i b u t a r y of the Narrator Brook. 
As the i n t e n t i o n was to study the rela t i o n s h i p between ground and 
surface waters, 'thermometric observations', (Schneider 1962), as 
outlined i n section 3:5, were extended to the surface waters I n the 
catchment. Water samples and temperature recordings of the two 
springs were taken weekly as outlined i n section 3:4. 
- 129 
3:3:2 Surface Water Measurements 
Stream discharge i s the sum of surface runoff and groundwater 
flow that reaches the r i v e r . Such discharge i s a function of 
p r e c i p i t a t i o n duration, i n t e n s i t y and d i s t r i b u t i o n ; permeability of 
the ground surface; area of the drainage basin; type of vegetation; 
stream channel geometry; depth to the watertable and the slope of the 
land surface (Davis and De Weist 1966). 
Within the framework of the h ^ r o l o g i c a l cycle, the components of 
the surface and groundwater regimes are i n t e r l i n k e d through the 
unsaturated zone. Hence i t i s Important that the r e l a t i v e e f f e c t s of 
any i n t e r a c t i o n of components are determined for a hydrogeological 
in v e s t i g a t i o n . With t h i s i n mind, stream discharge was monitored i n 
the Narrator Brook catchment. 
The data from the main discharge measuring s t a t i o n s . Station C u b t 
(St. Cutt) and Station^^(St. 11) (whose locations are I l l u s t r a t e d i n 
Figure 1.:^., Chapter I ) were used f o r the analysis of stream flow 
c h a r a c t e r i s t i c s . Station 11 i s situated at the j u n c t i o n of old 
farmland and the Sitka Spruce p l a n t a t i o n , and monitors stage with an 
Ott Horizontal Type X chart recorder. At Station Cutt, the downstream 
end of the spruce plantation, an Ott S t r i p Chart Type XX, monitors 
stream stage. 
During previous stream discharge determinations on the Narrator 
Brook, (Sims pers. comm. 1978) i t was observed that discharge 
decreased i n a downstream d i r e c t i o n * Visual assessment of t h i s 
s tretch of the Narrator Brook, which f a l l s w i t h i n the observation 
network area, proved a number of springs and t r i b u t a r i e s which 
supplement the runoff i n the main channel. The number of c o n t r i b u t i n g 
sources increase towards the reservoir end of the Narrator Brook, 
being s u b s t a n t i a l l y increased i n times of heavy p r e c i p i t a t i o n via 
a r t i f i c i a l l y constructed drainage channels on the south side of the 
r i v e r , as I l l u s t r a t e d i n Figure 3:6. 
Taking i n t o consideration the above f a c t o r s , one would expect 
discharge to increase i n a downstream d i r e c t i o n , unless the stream was 
i n f l u e n t i n some sectors. In order to v e r i f y t h i s p o i n t , a f u r t h e r 
three discharge measuring s i t e s i n addition to St. Cutt and St. 11 
were set up at the locations i l l u s t r a t e d i n Figure 3:6. A discussion 
of the stream flow component and i t s r e l a t i o n s h i p to the groundwater 
regime Is presented i n Chapter 4. 
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3:3:3 Supplementary Discharge Data 
Daily figures of reservoir water levels were obtained from the 
S.W.W. warden at Burrator Reservoir. A c o r r e l a t i o n of these figures 
with groundwater levels i n the wells nearest to the reservoir was 
attempted to explain some unusual features of t h e i r water l e v e l 
f l u c t u a t i o n s . The analyses of such f l u c t u a t i o n s are presented i n 
Chapter 5. 
3:4 Geochemical Sampling 
A study of the differences and changes I n the chemical content of 
groundwater may be useful i n determining the source of recharge, 
d i r e c t i o n of flow and presence of boundaries i n a groundwater system 
(Todd 1959, Ward 1975). An increase i n a s p e c i f i c ionic component i n 
the groundwater at a given lo c a t i o n may suggest a recharge area, while 
a decrease i n an io n i c component with time may suggest absorption by 
the aquifer materials or discharge from the system. A time lag i n the 
re l a t i v e amounts of a spe c i f i c element recorded- at d i f f e r e n t s i t e s may 
indicate the residence time of water i n the aquifer. 
Eriksson and Khunakasem (1968), on t h e i r work on the chemistry of 
groundwater i n Swedish eskers, came to the conclusion that the 
chemical composition of newly formed groundwater I s i n i t i a l l y 
determined by the chemical composition of p r e c i p i t a t i o n . As the eight 
major ions calcium, magnesium, sodium, potassium, bicarbonate, 
chloride, n i t r a t e , and sulphate, con s t i t u t e around 98% or more of the 
t o t a l solutes of most groundwaters, the determination of these 
provides the basic data on groundwater geochemistry (Cook eX a l . 
1979). P a r t i a l analysis to determine the concentrations of some 
pr i n c i p a l chemical constituents i n a water may provide s u f f i c i e n t data 
for many investigations (UNESCO 1975). 
The chemical composition of natural waters i n r i v e r s , lakes and 
wells depends upon many i n t e r r e l a t e d factors including geology, s o i l s , 
climate, topography, b i o l o g i c a l processes and time (Gorham 1961). 
Rodda et a l . (1976) and Lahermo (1970) consider rock type to be a 
fundamental or even a dominant factor c o n t r o l l i n g groundwater 
chemistry. 
In the Narrator Valley, some of the major cations and anions 
present i n the groundwaters were used as 'tracers* to attempt to 
determine sources and pathways of water movement. This was achieved 
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by chemical monitoring of both the inputs ( r a i n f a l l ) and groundwater 
i n the system. An attempt was also made to correlate changes i n water 
chemistry with periods of p r e c i p i t a t i o n , w i t h a view to estimating 
possible residence times of water i n the aquifer* 
The choice of the elements for analysis f o r t h i s i n v e s t i g a t i o n 
were based upon considerations of the geochemistry of the Dartmoor 
grani t e , and data from past analysis of water from the Narrator Brook 
catchment (Williams 1978, pers. comm.). Information regarding the 
geochemistry of the Dartmoor granite has been derived from work by 
Brammall and Harwood (1932) and Al-Saleh et a l . (1977), as out l i n e d i n 
Chapter 2. Table 2:1 i n that chapter summarises the geochemical 
data. 
Ions which form minerals with r e l a t i v e l y high s o l u b i l i t i e s and 
which are least l i k e l y to be removed i n water-rock reactions, are 
referred to as having high geochemical m o b i l i t y . Sodium and chloride 
are considered as p o t e n t i a l l y useful natural tracers i n view of t h e i r 
r e l a t i v e l y high geochemical m o b i l i t y (Edmunds et a l . 1976). Gorham 
(1961), on a geochemical survey of Finnish bedrocks came to the 
conclusion that most igneous rocks are very d e f i c i e n t i n carbonates, 
sulphates and chloride, which were found i n large amounts i n the 
natural waters of Finland, suggesting that these constituents had 
sources elsewhere. Cleaves et a l . (1970) suggested that chloride i s 
the only ion l i k e l y to be contributed e n t i r e l y by p r e c i p i t a t i o n 
because i t i s not present i n s u f f i c i e n t q u a n t i t i e s I n the bedrock of 
an igneous catchment. Chloride, potassium, sodium and s i l i c a were the 
elements chosen f o r i n v e s t i g a t i o n i n the Narrator Brook catchment. 
The s i l i c a content of natural water i s less variable than any of 
the other major dissolved constituents (Davis 1964) and consequently 
maintains a constant background l e v e l i n groundwater. S i l i c a 
represents the by-products of weathering of the s i l i c a t e minerals 
present i n the granites and concentrations i n groundwater may Indicate 
rates of weathering and residence time of water In the aquifer. 
Recent investigations on granite weathering on Dartmoor, (Ternan 
and Williams 1979), used s i l i c a concentrations i n stemflow, 
throughflow, l i t t e r - r u n o f f , i n t e r f l o w and sprlngflow waters from the 
Narrator Valley to suggest the importance of contemporary weathering 
processes i n operation. I t seemed relevant, i n regards to water 
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movement and weathering rates, to determine the range of s i l i c a 
concentrations i n the groundwater and to see I f any seasonal 
variations were evident, and to attempt to i n t e r p r e t these i n terms of 
groundwater movement and p o t e n t i a l recharge. 
Both sodium and potassium are present i n the Dartmoor granite 
(Table 2:1, Chapter 2) and are by-products of weathering. Add i t i o n a l 
sources of these elements seems to be from a maritime o r i g i n 
(Stevenson 1968). Like chloride they appear to be suitable natural 
tracers i n an attempt to locate sources of water and periods of 
recharge, i n the Narrator Brook catchment. 
Past chemical determinations on water samples from the Narrator 
Brook, (Williams pers. comm. 1978) showed only trace amounts of 
n i t r a t e , sulphate and bicarbonate. Consequently these anions were 
considered to have too low a concentration to be useful as natural 
tracers, while chloride, sodium, potassium^and s i l i c a appeared to be 
appropriate for t h i s type of I n v e s t i g a t i o n . 
3:4:1 Field Techniques; The Collection of Water Samples 
Water samples from the wells, springs, r a i n gauges, stemflow and 
the Narrator Brook were collected weekly and analysed f o r potassium, 
sodium, chloride and s i l i c a . pH and e l e c t r i c a l conductivity were also 
recorded. A l l bottles were f i r s t rinsed i n some of the collected 
sample from each s i t e , before the sample to be analysed was taken. 
(1) Groundwater Samples 
Water samples from the wells were extracted using a purpose b u i l t 
water sampler consisting of a hollow brass tube with a ball-valve i n 
i t s lower end, as i l l u s t r a t e d i n Figure 3:7. This was lowered 2-6 m 
beneath the water's surface and upon u p l i f t sealed the water sample i n 
u n t i l at the surface i t was transferred to a chemically i n e r t 
polyethylene b o t t l e . The water sampler was a dual-purpose piece of 
equipment designed f o r use i n the slug-tests as discussed i n 
Chapter 6. 
The water sampler holds 50 ml. The f i r s t sample at each s i t e was 
discarded, then approximately 150 mis were taken f o r analysis. 
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(11) Surface Water Samples 
Spring and r i v e r samples were taken by submersing a b o t t l e below 
the water's surface, thereby allowing the water to flow d i r e c t l y i n t o 
the container* 
( i l l ) Other Water Samples 
As a tracer-technique was used i n conjunction with l a t e r chemical 
analysis of groundwater i n an attempt to define recharge and discharge 
points i n the catchment, then some idea of the i n i t i a l chemical 
condition of the inputs was required. With t h i s i n view, samples of 
rainwater and stemflow water were taken. The r e l a t i v e volumes of each 
were recorded i n the f i r s t Instance. Any insects, leaves and other 
debris present i n the r a i n gauge were skimmed o f f the surface before 
the samples were taken. 
3:4:2 Laboratory Techniques; Storage of Samples 
Within two hours of c o l l e c t i o n the samples were taken to the 
laboratory where pH, e l e c t r i c a l conductivity, sodium and potassium 
values were determined, as described below. After these I n i t i a l 
determinations were made, the samples, fol l o w i n g recommendations of 
Golterman (1971) and Madtereth (1978), were stored i n the dark to 
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i n h i b i t any b i o l o g i c a l a c t i v i t y , at a temperature of S^ C, to await 
analysis f o r s i l i c a and chloride. 
3:4:3 Determination of the Properties of Water Samples 
Certain properties of water, especially i t s pH, are so closely 
related to the environment of the water that they are l i k e l y to be 
altered by sampling and storage procedures. The pH of a water 
represents the I n t e r r e l a t e d r e s u l t of a number of chemical e q u i l i b r i a 
which i s altered when water I s brought to the surface, sampled and 
stored. The pH value of most groundwaters i s controlled by the amount 
of dissolved carbon dioxide gas and the dissolved carbonates and 
blcarbonates (Freeze and Cherry 1981). Since pH I s l i a b l e to be 
modified by b i o l o g i c a l a c t i v i t y or by CO^  exchange with the a i r , long 
Intervals exceeding a few hours between c o l l e c t i o n s and measurement 
should be avoided (MacJCereth et_ a l . 1978). 
3:4:4 pH Measurements 
A pH meter, model E.I.L. 7050 was used throughout t h i s research 
period to Investigate pH values i n a l l water samples collected i n the 
Narrator Brook catchment. The meter and glass-electrode system were 
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standardised before sample measurement using commercially available pH 
powders dissolved i n the r e q u i s i t e amount of d i s t i l l e d water. pH 
values of pH4 and pH7 were used being those suggested by the 
manufacturers and recommended by Cook et a l . (1979). The sample pH 
determinations were recorded at the actual temperature of the sample 
at the time of measurement i n the laboratory. The electrode was 
agitated i n the sample and the reading at which the meter s t a b i l i s e d 
was taken as the representative pH value. 
3:4:5 Specific E l e c t r i c a l Conductivity 
The specif i c conductance ( c o n d u c t i v i t y ) of a water I s a measure 
of i t s a b i l i t y to convey an e l e c t r i c current, and varies p o s i t i v e l y 
with the concentrations of ions present and the temperature at which 
the measurement Is made* The rela t i o n s h i p i s to some extent dependant 
on the nature of the major ions i n so l u t i o n so that waters of 
d i f f e r e n t ionic composition w i l l display a d i f f e r e n t r e l a t i o n s h i p 
between i o n i c concentration and conductivity (Macteereth et a l . 1978). 
The conductivity of most fresh waters i s low and i s reported as 
micromhos cm"^  or i n SI units microsiemen, |iS, at 25*'C. Single 
d i s t i l l e d water i n the laboratory generally has a conductivity of 1-5 
^S. Carbon dioxide from the a i r dissolves I n t o the d i s t i l l e d water 
and the r e s u l t i n g bicarbonate and hydrogen ions Impart most of the 
observed conductivity. 
For most groundwaters the conductivity value m u l t i p l i e d by a 
factor of 0.55-0.75 w i l l give a good estimate f o r t o t a l dissolved 
solids (T.D.S.) which include a l l s o l i d material i n s o l u t i o n , whether 
ionised or not. Estimating T.D.S. by measuring conductivity i s 
convenient because i t can be determined quickly (Johnson 1975). Hem 
(1970) argued that s p e c i f i c conductance determinations when applied to 
natural waters cannot be expected to be simply related to ion 
concentrations or T.D.S. but agreed they are useful measurements In a 
p r a c t i c a l way, but only as a general i n d i c a t i o n of T.D.S. 
concentrations. 
E l e c t r i c a l conductivity was measured using an Electronic 
Swltchgear battery operated conductivity meter. Readings are 
standardised on th i s equipment at 25**C. 
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3:4:6 Sodium and Potassium Determinations 
An E.E.L. Flame Photometer Mark I I was used to determine levels 
of sodium and potassium In the water samples collected. The 
instrument was calibrated using known standards. I n i t i a l l y a check 
program was instigated i n which samples were analysed over varying 
time periods a f t e r c o l l e c t i o n : 
( I ) One half of one month's samples were f i l t e r e d and both sets 
were analysed. The re s u l t s showed l i t t l e s i g n i f i c a n t 
difference so fu r t h e r f i l t r a t i o n of samples p r i o r to 
analysis was deemed unnecessary. I n addition there i s a 
suggestion from the geochemical l i t e r a t u r e that f i l t r a t i o n 
can i n t e r f e r e with r e s u l t a n t element values, p a r t i c u l a r l y i n 
the case of chloride (Golterman and Clymo 1971). 
(11) Sodium and potassium levels were prone to d e t e r i o r a t i o n 
a f t e r two to four weeks of storage, so a f t e r the f i r s t 
month's samples, immediate analysis was decided upon f o r the 
rest of the research period. 
3:4:7 S i l i c a and Chloride Determinations 
The analyses f o r chloride and s i l i c o n were carried out on a 
f o r t n i g h t l y basis using an Auto-Analyser, Technicon Mark I I . S i l i c o n 
values were then converted to s i l i c a values. This instrument i s 
designed to investigate these elements i n the range 2-100 ppm although 
concentrations of less than 1.0 ppm can be determined but w i t h less 
accuracy. The instrument was cali b r a t e d using standard solutions. 
To check the consistency of standards and any decomposition of 
samples due to storage e f f e c t s a check procedure was i n i t i a l l y c a r r i e d 
out: 
(1) The f i r s t four months' samples were analysed weekly to 
determine any va r i a t i o n s due to age and storage. No 
s i g n i f i c a n t differences were obtained. 
( I I ) The f i r s t month's samples were a c i d i f i e d with HNO3 ( n i t r i c 
acid) i n proportions 1 ml HNO3 : 100 ml water. This gave 
some d i l u t i o n error i n the r e s u l t s but these were found to 
be very small (Williams pers. comm. 1978), This was a check 
to see i f any d e t e r i o r a t i o n of samples occurred, i f so, 
values f o r s i l i c a and chloride would be d i f f e r e n t , however 
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no s i g n i f i c a n t change was apparent between a c i d i f i e d and 
non-acidlfled samples so a c i d i f i c a t i o n was discontinued. 
I t seemed l i k e l y that since the water samples were f a i r l y acid I n 
the f i r s t Instance, pH 3-5, they tend to r e t a i n t h e i r o r i g i n a l 
composition f o r longer periods* 
(111) Each week's res u l t s f o r chloride and s i l i c a represent an 
average figur e f o r the number of Independent analyses 
carried out per sample. Differences ascertained between 
runs on I n d i v i d u a l samples showed less than 1% v a r i a t i o n f o r 
s i l i c a and chloride values. 
3:5 Supplementary Measurements 
These Include recordings of water temperature, r a i n f a l l and 
stemflow measurements, and s o l i moisture data. 
3:5:1 Temperature 
Temperature Is a parameter o f f e r i n g a means for observing changes 
i n the state of the groundwater regime. In time and space, which 
re l a t e to conditions of recharge, (UNESCO 1975). Generally 
groundwater temperatures correspond very closely to the yearly average 
a i r temperature, and those groundwaters nearer the surface r e f l e c t a i r 
temperature changes more ra p i d l y (Walton 1970). 
Schneider (1962) used temperature f l u c t u a t i o n s as a means to 
study rates and directions of groundwater movement In a g l a c i a l 
outwash aquifer I n Minnesota, U.S.A. to evaluate recharge conditions. 
He concluded that with other hydrogeologlc and cllmatologlc data, 
groundwater and surface water thermographs may be useful I n 
determining the following: Induced f i l t r a t i o n from a body of surface 
water; to estimate the order of magnitude of t r a v e l time from the 
source of recharge; and the detection of d i r e c t I n f i l t r a t i o n of 
r a i n f a l l to groundwater bodies. 
De Geer (1966) suggested that as part of a hydrogeologlc 
Inventory, I t I s useful to determine the characteristic, groundwater 
temperature of an area. With such information i t i s usually easy to 
d i s t i n g u i s h deep-seated springs from other groundwater horizons. 
Razmann (1947) u t i l i s e d subsurface temperature anomalies to detect 
i n f i l t r a t i o n from surface water sources i n t o a gravel aquifer, and 
Parsons (1970) investigated the factors influencing the groundwater 
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thermal regime and temperature d i s t r i b u t i o n I n a g l a c i a l complex, with 
an emphasis on the eff e c t of groundwater flow. 
(1) Water Temperature Measurements 
Temperatures of groundwater were recorded weekly. Temperature I n 
t h i s Instance refers to that I n the f i r s t two metres of water I n the 
well below the watertable. 
A mercury f i l l e d thermometer w i t h a range -10**C to 20*C, 
graduated In 0.1*0, In a metal housing case, was used f o r a l l water 
temperature measurements. A small cap. I n the form of a 10 ml p l a s t i c 
measuring cylinder with s t r i n g handles was attached to the bulb-end of 
the thermometer as I l l u s t r a t e d I n Figure 3:4. The whole u n i t was 
lowered down the well by being attached to the end of a 30 m tape. 
This cap allowed the thermometer bulb to be kept Immersed, during 
withdrawal, i n water from the o r i g i n a l measuring depth I n the w e l l , 
thereby minimising temperature changes between the time of withdrawal 
and time of reading. 
Down the p r o f i l e temperatures were taken at the end of each month 
to t r y to elucidate the s t r a t l g r a p h l c changes of temperature down the 
length of the observation w e l l . The aim here was to attempt to 
I d e n t i f y sources of water and to locate areas of d i r e c t I n f i l t r a t i o n 
of warmer p r e c i p i t a t i o n derived water. Analysis of t h i s data I s 
presented I n Chapter 7. 
As recommended by UNESCO (1975) temperature measurements were 
collected through the f u l l range of the wells. Suggested I n t e r v a l s 
between readings are recommended as being no more than 2.5 m and I n 
the case of the Narrator Valley wells a 2 m I n t e r v a l was chosen. The 
temperature readings were taken from the water l e v e l downwards In 
order to reduce mixing and hence any disturbance of temperature 
s t r a t i f i c a t i o n present. The thermometer was lowered to the required 
depth and l e f t for a three-minute i n t e r v a l f o r e q u i l i b r a t i o n of the 
thermometer with the surrounding groundwater. 
As the I n t e n t i o n was to study the r e l a t i o n s h i p between ground and 
surface waters, the thermometrlc observations were extended to the 
surface waters In the catchment. Spring and r i v e r temperatures were 
also recorded weekly by placing the thermometer In the flowing water 
at s p e c i f i c s i t e s . 
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3:5:2 R a i n f a l l , Stemflow and Throughfall Measurements 
l ^ a i n f a l l , stemflow and t h r o u g h f a l l were to be 
correlated with observed water l e v e l f l u c t u a t i o n s i n an attempt to 
define the watertable response to recharge events. These measurements 
were also used to assess the chemical inputs of water reaching the 
ground, and hence i n f i l t r a t i o n to groundwater storage. 
( I ) R a i n f a l l 
An automatic weather recording s t a t i o n i s situated near Site 6, 
as i l l u s t r a t e d i n Figure 3:9. I t records at 5 minute i n t e r v a l s , 
r a i n f a l l , temperature, wind run and d i r e c t i o n , net r a d i a t i o n and solar 
r a d i a t i o n . R a i n f a l l and temperature observations have been extracted 
for t h i s research period, and as other measurements were Inaccurate, 
evapotransplration was determined by the Thornthwaite method. 
The Thornthwaite method of c a l c u l a t i n g p o t e n t i a l 
evapotransplration (P.E.) was developed from r a i n f a l l and runoff data 
for several drainage basins, (Thornthwaite 1948). The r e s u l t i s 
basically an empirical r e l a t i o n s h i p between P.E. and mean a i r 
temperature. The empirical formulae can be used f o r any l o c a t i o n at 
which d a i l y maximum and minimum temperatures are recorded. I t i s t h i s 
simple universal a p p l i c a b i l i t y rather than any claim to outstanding 
accuracy which has led to the widespread use of t h i s method (Palmer 
and Havens 1958). For similar reasons the Thornthwaite method has 
been u t i l i s e d f o r meteorological data collected i n the Narrator Brook 
catchment, i n order to estimate P.E. The monthly values were derived 
using graphical techniques as outlined by Palmer and Havens (1958). 
Four autographic raingauges are located i n the Narrator Brook 
catchment and records from one of these, next to Site 6, have been 
used. This ralngauge (Head Weir) i s the closest of the four to the 
groundwater observation network, and i s the more appropriate one i n 
respect of a l t i t u d e (220.24 m). In addition check raingauges were 
I n s t a l l e d at Sites 9, 7 and 11. These u t i l i s e d a p l a s t i c b o t t l e w i t h 
a 12.5 cm diameter funnel, housed i n a black P.V.C. cylinder. 
( I I ) Throughfall 
Those raingauges i n the forest Sites 9 and 7, monitored 
t h r o u g h f a l l , i . e . r a i n f a l l reaching the ground a f t e r passing through 
the canopy layer. Each week the amount collected was measured i n a 
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graduated beaker, and a sample was taken f o r chemical analysis. This 
r a i n f a l l volume was l a t e r converted to mm of r a i n over the catchment. 
( I l l ) Stemflow: 
A stemflow c o l l a r was set up adjacent to Site H. For t h i s 
device 2.4 m of 3 cm diameter bicycle tyre tubing, cut i n h a l f 
lengthways, was attached to the circumference of the tree by the use 
of n a i l s . A 5 - l i t r e p l a s t i c container caught the stemflow v i a a piped 
section. The contents of this was measured weekly I n a graduated 
beaker, and a sample taken f o r subsequent chemical analysis. 
3:5:3 Soil Moisture Measurements 
The s o i l water zone, located I n the uppermost layer of the 
earth's crust, constitutes a key zone i n which incoming p r e c i p i t a t i o n 
water i s dlrectioned and p a r t i t i o n e d i n various ways. Accordingly, 
the nature of t h i s zone w i l l determine the extent of storage, r u n o f f , 
downward percolation to the groundwater and the degree of upward 
return to the atmosphere through evapotransplratlon. 
A l l water held i n the s o i l between the s o i l surface and the 
groundwater l e v e l i s s o i l water, (Kristensen 1975). Since the 
distance between the s o i l surface and the groundwater table may be 
considerable i n many locations, and thus not a l l the s o i l water I s 
influenced by the plant root a c t i v i t y , a subdivision of the s o i l water 
regime i s desirable. According to t r a d i t i o n a l concepts (Melnzer 
1923), the unsaturated zone of an unconfined aquifer i s divided i n t o 
three zones, the s o i l zone, the intermediate zone and the c a p i l l a r y 
f r i n g e . 
The s o i l zone consists of the upper metre or two of the p r o f i l e 
which i s influenced by s o i l forming processes. I t contains the roots 
of the vegetation and i s Influenced l a r g e l y by rapid moisture changes 
due to abstraction, r a i n f a l l and evaporation. The Intermediate zone 
l i e s beneath the s o i l zone and overlies the c a p i l l a r y f r i n g e . I t can 
vary i n thickness from zero to many tens of metres, depending on the 
depth of the watertable. Most water movement i s downwards, although 
some l a t e r a l movement or i n t e r f l o w may take place. The c a p i l l a r y 
fringe i s the zone extending upwards from the watertable f o r a distance 
which might vary from a few centimetres to many metres depending on 
the pore size d i s t r i b u t i o n of the material. 
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B e l l and Wellings (1980) considered that the above described 
three-zone concept, while not i n v a l i d , tends to obscure the f a c t t h a t 
the unsaturated zone i s a continuum from the watertable to the s o i l 
surface, and that the system i s a dynamic one i n which change i n any 
part influences subsequent events throughout the whole p r o f i l e . 
Within the three zones the water content i s divided i n t o various 
categories which attempt to define a threshold water content which 
separates water than can drain (and hence contribute to recharge) from 
water that I s held i n the smaller pores (conceived as being unable to 
dr a i n ) . I n the s o i l zone the threshold water content i s called ' f i e l d 
capacity' being the greatest amount of water that the s o i l w i l l hold 
under conditions of free drainage, ( l e against g r a v i t y ) . Excess water 
' g r a v i t a t i o n a l water' drains I n t o the intermediate zone, and the 
remaining water i s divided i n t o ' c a p i l l a r y water' available to plants) 
and 'hydroscopic water' (retained about i n d i v i d u a l s o i l p a r t i c l e s by 
molecular a t t r a c t i o n ) . 
In the intermediate zone the threshold i s termed 'specific 
r e t e n t i o n ' . The retained water content i s ' p e l l i c u l a r water' which 
cannot drain. Excess water i s again ' g r a v i t a t i o n a l water' which does 
drain. I n the c a p i l l a r y zone the water i s described as ' c a p i l l a r y 
water'. The zone i s saturated and therefore (when s t a t i c ) i s 
unchanging I n water content, although ( i m p l i c i t l y ) acting as 
transmission path f o r drainage from above to the watertable below. 
The i n ^ i a l moisture content of a p a r t i c u l a r s o i l w i l l influence 
the proportion of p r e c i p i t a t i o n which i n f i l t r a t e s i n t o the s o i l , and 
I t s a b i l i t y to serve as a temporary storage reservoir f o r downward 
percolating water ( P i t t y 1973). Painter (1971) on work associated 
with a hydrologlcal c l a s s i f i c a t i o n of s o i l s i n England and Wales, 
notes that a f t e r periods of drought i n f i l t r a t i o n of r a i n f i r s t permits 
any s o i l moisture d e f i c i t to be reduced, and downward percolation to 
replenish the groundwater only s t a r t s when the f i e l d capacity i s 
exceeded. The same point was noted by Remson et a l . (1959) w h i l s t 
studying the rela t i o n s h i p of the zone of aeration wit h c l i m a t i c 
factors and groundwater recharge at Seabrook, New Jersey, U.S.A. 
Soi l moisture measurements were conducted i n the Narrator Valley, 
as part of the groundwater In v e s t i g a t i o n w i t h the following alms: 
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1. To determine whether d i r e c t increments to the water l e v e l s 
are due to I n f i l t r a t i o n through the unsaturated zone, and 
s o i l layers near some of the observation wells. 
2. To determine the speed of moisture movement and hence 
recharge by c o r r e l a t i o n w i t h water l e v e l changes i n the 
observation wells. 
3. To assess whether groundwater recharge takes place only 
a f t e r t o t a l s o i l s a t u r a t i o n , by comparing s o i l moisture 
contents with increments i n groundwater levels at chosen 
s i t e s . 
S o i l moisture was determined by the gravimetric method and by 
tensiometer studies as described below. 
3:5:4 Gravimetric Soil Moisture Measurements 
Sampling of the s o i l moisture p r o f i l e s were undertaken at Site 1 
and Site 9 for the following reasons: 
(1) Site 1 - taken to be representative of the upslope p o s i t i o n 
of the wells i n the catchment. 
(11) Site 9 - considered as being representative of the base of 
slope position of wells i n the catchment. 
Samples of s o i l were taken weekly using a one-meter s o i l auger. 
Samples were taken at 0.1 m i n t e r v a l s to a depth of one metre, and the 
material was transferred Immediately i n t o pre-welghed screw-top sample 
t i n s . These were taken back to the laboratory, weighed, dried i n an 
oven at 105'*C f o r 24 hours, reweighed and the s o l i moisture content 
expressed as a precentage of dry weight. 
J:5:5 Tensloraeter Studies 
Richards (1965) proposed that the term ' s o i l suction' should be 
used to specify the property of s o i l water measured with tenslometers, 
since 'suction* i s a term used extensively to characterise the 
'action' of water retention by s o i l s . 
A porous ceramic cup i s positioned i n the s o i l where Information 
regarding s o i l water i s desired. The cup and the sensing element of a 
vacuum indicator are a l l f i l l e d w i t h water. Film water i n the s o i l 
near the cup i s i n hydraulic contact with bulk water inside the cup 
through pores i n the cup w a l l . Flow, i n or out through the cup w a l l , 
tends to bring the cup water i n t o hydraulic equilibrium with the s o i l 
water. As s o i l water i s depleted by root action and percolation, or 
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replenished by r a i n f a l l , corresponding changes i n readings on the 
tensiometer gauge occur. 
Tensiometer readings plot t e d as a function of time provide a 
useful record of s o i l water conditions i n the neighbourhood of the cup 
(Rose 1966). Tensiometers can be used to measure hydraulic head i n 
the s o i l and can measure pos i t i v e (+) and negative (-) pressures. 
They also have a shorter response time than wells or piezometers 
(Richard e£ a l . 1973). 
3:5:6 Tensiometer I n s t a l l a t i o n 
I n an attempt to determine moisture movement I n the surface 
layers i n more d e t a i l , seven tensiometers were i n s t a l l e d I n October 
1979. The s i t e s f o r i n s t a l l a t i o n , 1, 7 and 10, were chosen taking 
i n t o account the following considerations: 
(1) Site 1 i s representative of the upslope p o s i t i o n of wells i n 
the network. One tensiometer was I n s t a l l e d here (60 cm), 
( i i ) Site 7 i s a forested s i t e not affected by tree f e l l i n g 
operations. Two tensiometers were i n s t a l l e d here (60 cm, 
30 cm). 
( i l l ) Site 10 i s c e n t r a l l y positioned i n r e l a t i o n to the other 
wells. A nest of four tensiometers was i n s t a l l e d here 
(105 cm, 60 cm, 45 cm, 30 cm), 
( i v ) There was l i t t l e evidence of Interference with previously 
i n s t a l l e d equipment at these three s i t e s . 
Access for the s o i l tensiometers was achieved by the recommended 
procedure of d r i v i n g a hollow s t e e l tube, 1.25 cm i n diameter, i n t o 
the ground to the required depth with a mallet. Upon removal t h i s 
produced a hole i n t o which the tensiometer f i t t e d t i g h t l y . The 
tensiometer was then pushed down u n t i l the bottom of the dial-gauge 
was 5-7 cm above the ground surface, as I l l u s t r a t e d i n Figure 3:8. 
The s o i l around the tube was then tamped at the surface to seal 
around the body tube and prevent surface water from running down the 
sides. In each case care was taken to ensure that the ceramic sensing 
t i p was i n contact with the s o i l i n order f o r the tensiometer to 
function properly. 
As an extra precaution packing straw was placed around the tube 
and d i a l above ground l e v e l and an outer black sleeving placed over 
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to serve as protection from f r o s t s . The teasiometers were read weekly 
and the r e s u l t s are discussed i n Chapter 5. 
3:6 Summary 
In an attempt to assess Che p o t e n t i a l of groundwater resources i n 
a weathered granite aquifer, a data c o l l e c t i o n network was developed 
i n the Narrator Brook experimental catchment, based around previous 
instrumentation. Figure 3:9 I l l u s t r a t e s the t o t a l instrumentation 
used i n the western sector of the Narrator Brook catchment between 
1978-1980. Table 3:6 summarises the type of data collected i n the 
Narrator Brook catchment and the frequency of observation. 
The analysis of the data collected i n the Narrator Valley jjan be 
found i n Chapters A-7, which also include a discussion of pumping 
tests and slug tests carried out i n the catchment. 
Table 3:6 Summary of Data Collected i n the Narrator Brook Catchment 
Observation Site Type of 
Observation 
Frequency of 
Observation 
Period of 
Observation 
Well network 1,2,3, 
4,6,7, 
9,10,11 
12,13 
13,15 
Water-levels, 
temperature, 
groundwater 
samples 
Weekly 
Weekly 
Nov 
Jan 
1978- Feb 
1979- Feb 
1980 
1980 
Spring and 
Eliver Sites 
Sp. 11 
Sp. 12/13 
Narrator 
Brook 
temperature, 
groundwater 
samples 
Weekly Jan 1979-Feb 1980 
Stream 
Discharge 
St. Cutt 
St. 11 
Stream 
stage record 
Continuous 
measurement 
Oct 1978-Feb 1980 
•* Sites 
C, D, 
and E 
Current 
metering 
Weekly Oct 1978-Feb 1980 
R a i n f a l l Head Weir R a i n f a l l 
amount 
Continuous 
meteorological 
parameters 
Oct 1978-Feb 1980 
Throughfall 7,9,11 Volume and 
chemistry 
Weekly Jan 1979-Feb 1980 
Stemflow 11 Volume and 
chemistry 
Weekly Mar 1979-Feb 1980 
Spring 
discharge 
Sp. 12/13 Head 
measurement 
at 'V notch 
Weekly Jan 1979-Feb 1980 
Reservoir Head Weir Reservoir 
l e v e l 
Daily Nov 1978-Feb 1980 
So i l s i t e s S o i l moisture 
gravimetric 
samples 
Weekly Dec 1978-Feb 1980 
Tensiometers 1,7,10. „ Soil., tension^ ^ --Weekly - Oct. .1979r-Feb. 1980 
Chapter 4 
Discharge Characteristics i n The Narrator Brook Catchment 
4:1 Introduction 
The analysis of streamflow data i s an important component of any 
hydrogeologlcal i n v e s t i g a t i o n , since streamflow hydrograph analysis 
provides information concerning the baseflow component and hence 
inferences concerning aquifer c h a r a c t e r i s t i c s can be derived. I n 
addition to maintaining surface water supplies, streamflow i s 
important In terms of recharge to an aquifer. Spatial v a r i a t i o n s i n 
discharge may be a t t r i b u t e d to I n f l u e n t and e f f l u e n t zones along the 
stream channel and hence the degree of hydraulic c o n t i n u i t y between 
the stream bed and underlying aquifer may be ascertained. The 
analysis of discharge c h a r a c t e r i s t i c s i n the Narrator Brook catchment 
has been undertaken with a view to emphasizing the p o t e n t i a l of 
weathered granite areas as a groundwater source. 
4:1:1 Sources of Streamflow 
Streamflow i s derived from many sources which vary s p a t i a l l y 
w i t h i n a catchment and over time. Three general components can be 
I d e n t i f i e d (a) overland flow and channel p r e c i p i t a t i o n (b) I n t e r f l o w 
and (c) groundwater discharge. 
4:1:2 Overland flow 
Two main types are described i n the l i t e r a t u r e ; i n f i l t r a t i o n 
excess overland flow occurs when r a i n f a l l i n t e n s i t y exceeds 
i n f i l t r a t i o n capacity (Horton 1933). This kind of overland flow i s 
common where vegetation Is sparse and s o i l s t h i n , but rare where there 
i s a vegetative cover, (Chorley 1978). I t has however been observed 
In the Narrator Brook Catchment on moorland and acid grassland 
vegetation (Williams pers. comm. 1979). 
Saturated overland flow, (Klrkby and Chorley 1967), occurs where 
the s o i l i s saturated even though the l o c a l i n f i l t r a t i o n capacity has 
not been exceeded by the r a i n f a l l I n t e n s i t y . Saturated overland flow 
constitutes an Important component to surface runoff i n the stream 
channel. In the Narrator Brook Catchment saturated overland flow 
results from saturation upwards from an i r o n pan. 
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Direct p r e c i p i t a t i o n also contributes to surface runoff. This 
may occur by d i r e c t p r e c i p i t a t i o n onto areas of saturated overland 
flow, (Ternan and Williams 1979), and onto the stream channel i t s e l f . 
In general, d i r e c t p r e c i p i t a t i o n onto the stream channel i s only a 
small percentage of the t o t a l volume of water flowing I n the channel, 
i t may however be s i g n i f i c a n t i n catchments with large areas of 
saturated overland flow. Overland flow and channel p r e c i p i t a t i o n may 
be regarded as water which enters the drainage system with l i t t l e or 
no delay, and as such contributes to the c h a r a c t e r i s t i c peak on the 
discharge hydrograph as I l l u s t r a t e d In Section 4:2:1. 
4:1:3 Int e r f l o w 
Some of the r a i n f a l l which I n f i l t r a t e s through the surface layers 
passes down to recharge the groundwater, and some, usually the greater 
part according to Chorley (1969), flows down the h i l l s i d e w i t h i n s o i l 
layers as 'throughflow*, or I n t e r f l o w . I n t e r f l o w r e s u l t s when 
i n f i l t r a t i n g waters meet a r e l a t i v e l y Impermeable layer, the downward 
water movement i s retarded i n the v e r t i c a l d i r e c t i o n and Instead flows 
l a t e r a l l y at depths varying from a few centimetres to several metres 
below the surface towards the stream. I n t e r f l o w u l t i m a t e l y 
contributes to streamflow, but the r e l a t i v e speed of response i s 
determined by the depth of the i n t e r f l o w pathways. 
The contribution of I n t e r f l o w to t o t a l runoff w i l l depend largely 
on the s o i l c h a r a c t e r i s t i c s of a catchment. Ward (1967) suggested 
that I n t e r f l o w i s l i k e l y to be considerable i n areas where a t h i n s o i l 
overlies Impermeable rock, or where an i r o n pan occurs a short 
distance below the surface, but i t i s not l l k l e y to be Important I n 
areas where the s o i l i s deep and has uniform hydraulic 
c h a r a c t e r i s t i c s . Experimental evidence, (Hertzler 1939) suggested 
that i n some areas I n t e r f l o w may account for 85% of the t o t a l runoff. 
I n t e r f l o w may occur at a shallow depth beneath the surface as a 
swif t response to d i r e c t p r e c i p i t a t i o n through the s o i l macro-pores 
and 'pseudopiping*, (Jones 1971). Where d i f f e r i n g texural horizons 
providing varying hydraulic properties i n the s o i l are present, s o i l 
piping may occur. The preferred locations of piping, according to 
Jones (1971), are ei t h e r j u s t above or w i t h i n a horizon of low 
r e l a t i v e permeability. The development of 'piping' and 'pseudopiping' 
i n a catchment increases the transmission properties of a horizon and 
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as a r e s u l t , p r e c i p i t a t i o n water i n f i l t r a t i n g downwards i s transferred 
l a t e r a l l y and r e l a t i v e l y quickly towards the stream channel. 
Such l a t e r a l movement of i n f i l t r a t i n g waters may occur at greater 
depths which results I n a longer delay period before contributions to 
streamflow are received. The p o t e n t i a l f o r I n t e r f l o w at depth i s 
realised i n the Narrator Brook Catchment where variable thicknesses of 
weathered granite are present In the va l l e y bottom and sides. Ternan 
and Williams (1979), i n v e s t i g a t i n g hydrological pathways i n the 
Narrator Brook Catchment found that as a r e s u l t of the variable nature 
of the s o i l , weathered horizons and slope conditions. I n t e r f l o w 
frequency and amount was highly variable i n both space and time. 
Locally t h i s i n t e r f l o w was very s i g n i f i c a n t with discharges up to 5 
l i t r e s per hour per Im width of slope. 
4:1:4 Groundwater Discharge 
I n f i l t r a t i n g p r e c i p i t a t i o n that i s not incorporated i n overland 
flow, evapotranspiration and i n t e r f l o w processes, accrues i n the 
deeper zones of saturation. This portion constitutes groundwater 
recharge. Baseflow, delivered to the stream by deeper groundwater 
flow and I n t e r f l o w , maintains streamflow p a r t i c u l a r l y during dry 
periods. As groundwater flow follows a more complex route than the 
more rapid surface runoff and I n t e r f l o w components, i t s c o n t r i b u t i o n 
to the baseflow component of the stream discharge i s much delayed 
( f i g u r e 4:3). 
Rapid recharge to the stream channel produces a r i s e I n the l e v e l 
of the stream surface, which r e s u l t s i n i n f l u e n t seepage from the 
stream channel i n t o the adjacent groundwater body. This results i n an 
accumulation of a wedge of groundwater, known as bank storage on 
either side of the stream. As the stream l e v e l f a l l s e f f l u e n t seepage 
i s resumed and the volume of bank storage i s returned to the stream 
channel. The r e l a t i v e speed of t h i s depends on the hydraulic 
properties and nature of the stream banks. 
4:1:5 Stream C l a s s i f i c a t i o n 
The long-term r e l a t i o n s h i p between groundwater, i n t e r f l o w and 
surface runoff w i l l obviously determine the main c h a r a c t e r i s t i c s of a 
r i v e r , and provide a basis f o r the c l a s s i f i c a t i o n of streams. Streams 
can be c l a s s i f i e d i n t o three main types:- ephemeral, i n t e r m i t t e n t and 
perennial, (Wisler and Brater 1959). 
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Ephemeral streams flow only during and immediately a f t e r r a i n f a l l 
or snowmelt. Normally there are no permanent or w e l l defined channels 
and the watertable i s usally below the bed of the stream. Ephemeral 
streams i n the Narrator Brook Catchment are often fed by ephemeral 
springs, which have short-duration flows, and may be the r e s u l t of a 
rapid saturation upwards process from an i r o n pan or lens of less 
permeable material. 
Streams which flow during wetter seasons but cease to flow i n 
long dry periods are i n t e r m i t t e n t i n nature. This type of stream 
usually possesses a well defined channel. Groundwater makes some 
contribution to streamflow during wetter periods, when the watertable 
rises above the base of the stream. Groundwater contributions to 
these streams may also be received from i n t e r m i t t e n t springs i n the 
Narrator Brook Catchment. In the case of the Sheepstor Beck, during 
dry periods spring flow provides the only source of discharge i n 
upstream sections. Such spring flow i s i n s u f f i c i e n t I n dry periods to 
sustain flow along the e n t i r e length without a d d i t i o n a l inputs from 
surface runoff or other springs. 
Perennial streams and springs flow throughout the year even 
during the most prolonged dry s p e l l . I n general the watertable i s 
usually above the bed of the stream, although l o c a l l y perched 
watertables may be traversed, which contribute s i g n i f i c a n t l y to 
discharge. The Narrator Brook i s perennial i n nature, and i t s major 
source Is from perennial springs issuing from tin-miners s p o i l heaps 
at the eastern end of the catchment. I n t e r m i t t e n t and ephemeral flows 
also contribute to discharge i n the Narrator Brook. 
4:2 Analysis of Data from Continuous Recording Stations 
As described i n Chapter 3 two main gauging stations located at 
Station Cutt (St. Cutt) and Station 11 (St. 11), together w i t h data 
from the South West Water Station at Head Weir, provide the p r i n c i p a l 
source of streamflow data. Streamflow data f o r the two Narrator Brook 
Stations i s available covering the period 26th May 1975 to 4th March 
1980. A t o t a l of some 18 months of data i s not however, available 
from the stage recorder at Station Cutt. Station 11 records, with 
only 12 weeks of missing data, are of a more consistent nature, and 
consequently t h i s s t a t i o n was chosen f o r the main discharge c o n t r o l 
throughout t h i s present i n v e s t i g a t i o n . 
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Regression analysis between Station Cutt and Station 11 d a l l y 
discharges was carried out to generate doubtful or missing discharges 
for Station Cutt. The regression I s I l l u s t r a t e d I n f i g u r e A : l . A 
c o r r e l a t i o n c o e f f i c i e n t of 0.87 ( s i g n i f i c a n t at 0.01 Level) was also 
derived. Using t h i s equation missing Station Cutt data were 
generated. For the period examined Station Cutt's flows averaged 45% 
greater than those of Station 11. This Increase I n streamflow between 
the two discharge measuring stations may be accounted f o r by 
a r t i f i c i a l drainage channels, together with spring and seepage 
contributions along the banks downstream from Station 11. Such Inputs 
are discussed In section 4:3. 
As stre£uiiflow i n the Narrator Brook Is being assessed with a view 
to determining the baseflow component» and thereby I n d i c a t i n g the 
p o t e n t i a l of weathered granite aquifers as groundwater sources. I t was 
considered Important that some estimate of past streamflow conditions 
should be derived. Such discharge records w i l l provide Information 
concerning the v a r i a t i o n of groundwater discharge from the weathered 
granite catchment, and the degree of constancy of the contributions to 
streamflow. Past Inflow data to Burrator Reservoir, as recorded at 
Head Weir are available since 1957. A fur t h e r regression analysis was 
carried out using 3 6 months of flow data from the Narrator Brook 
(Station Cutt) and the corresponding period f o r Head Weir. This 
regression i s I l l u s t r a t e d I n f i g u r e 4:2. A c o r r e l a t i o n c o e f f i c i e n t of 
0.84, s i g n i f i c a n t at 0.01 significance l e v e l was also derived. 
The derivation of past flows of the Narrator Brook from t h i s 
regression equation was not successful. A comparison of derived 
Narrator Brook discharges with those ac t u a l l y measured i n the Narrator 
Brook during 1977-1979 showed that the regression equation predicted 
much higher discharge values than those actually recorded. I t was 
considered that the discrepancy In magnitude of estimated flows would 
Incur large errors I n any catchment balance calculations p r i o r to 
1975, so the approach was abandoned f o r t h i s current i n v e s t i g a t i o n . 
Measurement of streamflow at Head Weir I s taken downstream of the 
confluence of the River Meavy, Newleycombelake, and Narrator Brook. 
Variations i n flow c h a r a c t e r i s t i c s of the largest stream, the River 
Meavy, may p a r t l y explain the i n a b i l i t y to derive more appropriate 
flows for the Narrator Brook from the regression equation. Other 
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features which may a f f e c t such derived flows are discussed I n 
section 4:3, For a more s p e c i f i c study I n the Narrator Valley, four 
water years, where records are available f o r t h i s catchment, have been 
selected. These water years span the period 1975-1979. 
4:2:1 Hydrograph Analysis and Graphical Techniques 
The c l a s s i f i c a t i o n of streamflow according to the path followed 
by the water to the channel as outlined In section 4:1, I s somewhat 
a r b i t r a r y and Imprecise* Nevertheless t h i s three stage d i s t i n c t i o n 
leads to useful methods of analysis and affords the means whereby 
Indivi d u a l components may be quantified by the d i v i s i o n of the storm 
hydrograph. From the previous discussion I n section 4:1 I t I s obvious 
that the stream hydrographs w i l l r e f l e c t two very d i f f e r e n t types of 
contributions from the catchment, ( f i g u r e 4:3). The peaks, which are 
delivered to stream by overland flow and i n t e r f l o w , and sometimes by 
bank storage, are the re s u l t of a fast response to short-terra changes 
In sub-surface flow systems I n h i l l slopes adjacent to stream 
channels. The baseflow, which I s delivered to the stream by In t e r f l o w 
and deeper groundwater flow, I s the r e s u l t of a slow response to long-
term changes In the groundwater flow system. 
Time based d e f i n i t i o n s of the contr i b u t i o n of these d i f f e r e n t 
components to the discharge hydrograph, take Into account the 
v a r i a b i l i t y of such sources. Weyman (1970) divided streamflow i n t o 
quick flow and delayed flow ( f i g u r e 4:3b). Quick flow accounts f o r 
overland flow, d i r e c t channel p r e c i p i t a t i o n and shallow i n t e r f l o w , 
while delayed flow accounts f o r deep I n t e r f l o w and deeper groundwater 
contributions to discharge. 
Hydrograph separation techniques provide an approach to the 
determination of the r e l a t i v e Importance of d i f f e r e n t flow o r i g i n s i n 
runoff prediction. For the surface water hydrologlsts. hydrograph 
separation i s a means by which streamflow prediction models can be 
Improved, f o r both high and low flows, (Wright 1974), while f o r 
groundwater studies i n d i r e c t evidence about the nature of the 
groundwater regime i n the catchment I s provided. Many of the stream 
hydrograph separation techniques frequently used tend to overlook the 
variable components of discharge, both volumetrlcally and s p a t i a l l y , 
and r e l y solely on a t t r i b u t i n g discharge at any point i n time to three 
d i s t i n c t components ( f i g u r e 4:3c). 
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FIG. 4.3 HYDROGRAPH SEPARATION TECHNIQUES AND COMPONENTS. 
T r a d i t i o n a l hydrograph separation techniques are e s s e n t i a l l y 
empirical and are generally based upon the assumption that the 
beginning of the hydrograph r i s e i s the r e s u l t of storm runoff i n the 
stream channel (Linsley et a l . 1949). In the analysis of storm 
hydrographs one or more lines may be drawn through the hydrograph to 
dis t i n g u i s h runoff from i n t e r f l o w and groundwater contributions 
( f i g u r e 4:3)« The precise method of drawing the separation l i n e s 
varies considerably (section 4:2:2). Two of the most widely used 
methods devised f o r hydrograph separation of storm hydrographs, are 
b r i e f l y described as these techniques can be extended to the annual 
hydrographs to provide estimates of the r e l a t i v e proportions of t o t a l 
runoff o r i g i n a t i n g from surface, i n t e r f l o w and groundwater sources. 
Barnes (1939), used a procedure of semilogarithmic hydrograph 
p l o t t i n g , based on the backward extension of s t r a i g h t l i n e recession 
curve segments, to d i s t i n g u i s h the i n d i v i d u a l flow components i n a 
storm hydrograph ( f i g u r e 4:3c). Hibbert and Cunningham (1967), 
advocated the time based separation, which avoids the controversy over 
the r e l a t i v e importance of overland flow and i n t e r f l o w i n the form of 
the storm hydrograph, (Weyman 1970) ( f i g u r e 4:3b). A storm hydrograph 
i s divided i n t o quick flow and delayed flow by a l i n e drawn upwards 
from the point of the hydrograph r i s e at a gradient of 0.55 l i t r e s / s e c 
per km^ per hr. Walling (1971), used t h i s method on an annual basis 
to evaluate the r e l a t i v e contributions of quick flow and delayed flow 
from f i v e small catchments i n East Devon, from which i t was r e a d i l y 
apparent that the proportion of delayed flow was larger from more 
permeable catchments. 
The use of hydrograph separation techniques i n determining the 
annual groundwater component i n a catchment has not always been 
successful, (Freeze and Cherry 1979). The success that has been 
achieved has been based on the concept of a baseflow recession curve. 
The recession limb or depletion curve comprises the gradually f a l l i n g 
trace of streamflow following a storm event when unaffected by 
r a i n f a l l . Investigators such as Horton (1933), Barnes (1939) and 
Grundy (1951) have suggested that e i t h e r the e n t i r e recession curve. 
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or segments of i t , can be expressed as a mathematical f u n c t i o n . The 
simplest function i s the basic exponential equation of the form 
Qt = Q/' 
Where Qo = i n i t i a l discharge 
e = base of natural logarithms 
a = constant 
t = time I n t e r v a l 
Qt = discharge a f t e r time t 
K = recession or depletion constant representing 
Other equations include the double exponential:-
-b 
Qt = Q^ e 
or Qt = Q^  K*^ " 
where n = constant 
K = constant = (e ^) 
proposed by Horton (1933) for a drainage basin comprising a series of 
sub-basins of d i f f e r i n g c h a r a c t e r i s t i c s and the hyperbola:-
(1 + ct)2 
where c = constant, a f t e r Werner and Sundquist (1952). I f the stream-
flow recession curve can be f i t t e d by one of these equations then i t s 
form can be described by the value of the constant or constants. The 
exponential function i s often used f o r t h i s purpose because i t can be 
decribed by the K value, or recession constant, which represents the 
slope of a semilogarithmic plot of r i v e r flow against time, (Barnes 
1939). Butler (1939) also noted that some groundwater flow recession 
curves plot as nearly s t r a i g h t l i n e s on semilogarithmic paper, while 
Ineson and Downing (1964), mentioned that i n simple geological 
conditions a l i n e a r semilogarithmic p l o t of groundwater discharge can 
be obtained. Because each streamflow component tends to overlap each 
other, such as groundwater discharge commencing before i n t e r f l o w 
ceases, then the recession curve of r i v e r flow, as defined by the 
semilogarithmic plot of Q. vs t . , assume a c u r v i l i n e a r form. 
i n d i c a t i n g a continuing change I n conditions of discharge to r i v e r 
flow. Hall (1968) proposed that most, i f not a l l , natural hydrologlc 
systems are nonlinear, and that the cause and extent of the non-
l i n e a r i t y should be investigated. 
As a r e s u l t of the tendency of the d i f f e r e n t components of stream 
hydrographs to overlap each other i n volume and time, no one 
separation technique can adequately I s o l a t e such components. On an 
annual basis the hydrograph of baseflow Integrated overtime can 
provide a measure of annual aquifer recharge rates, ( B i r t l e s 1978). 
These may then be used to evaluate groundwater resources and assist i n 
the determination of the significance of the groundwater component I n 
the water balance of an area. The Barnes method appears to be a 
standard technique i n hydrogeological l i t e r a t u r e , for example Webber 
(1961), Kunkle (1962), Riggs (1964) and Headworth (1972), although 
Kulandaiswamy (1969) suggested that the method was not h e l p f u l f o r 
separating and i d e n t i f y i n g I n t e r f l o w contributions. However, as a 
consequence of i t s simple exponential f u n c t i o n , i t s description by a 
recession constant, and i t s well documented u t i l i z a t i o n , i t provides a 
more r e a d i l y available means of comparison f o r baseflow recession. On 
t h i s basis i t was adopted for use i n the Narrator Brook Catchment. 
In hydrogeologically complex areas the d e r i v a t i o n of i n d i v i d u a l 
components i s d i f f i c u l t as each c o n t r i b u t i n g aquifer makes up a 
varying proportion to r i v e r flow, so that t h i s s i t u a t i o n i s best 
represented by a series of groundwater recession curves. In t h i s 
i n v e s t i g a t i o n baseflow recession i s regarded as being analogous to the 
recession of groundwater although Riggs (1964) and Ineson and Downing 
(1964) have discussed problems Involved with determining whether 
baseflow i s exclusively from groundwater discharge. 
Rapid stream l e v e l rises associated w i t h heavy p r e c i p i t a t i o n 
and the subsequent generation of runoff may cause water to flow i n t o 
the banks of the channel (Brater 1940). Work by Todd (1955) and 
Rorabough (1964) has confirmed t h i s o r i g i n of bank storage, and i n 
addition has shown that considerable time may be required f o r the 
r e s u l t i n g bank storage to drain back i n t o the r i v e r channel. I n t h i s 
case the receding limb of the hydrograph, f o r sometime a f t e r the peak-
event. Includes flow from bank storage and i n t e r f l o w sources as w e l l 
as from the p r i n c i p a l groundwater sources. 
- 160 
The presentation of the form of the groundwater recession curve 
and the i d e n t i f i c a t i o n of the groundwater components or r i v e r flow are 
subjective, (Ineson and Downing 1964), and no single s o l u t i o n may have 
general ap p l i c a t i o n . Hall (1968) i n his review concluded that as f a r 
as hydrogeologlcal i n t e r p r e t a t i o n s are concerned, most of the present 
approaches to hydrograph analysis are unsuccessful or inconclusive. 
From a p r a c t i c a l viewpoint, procedures can be applied to d i f f e r e n t 
stream hydrographs i n order that estimates of groundwater discharge, 
which Include bank storage and I n t e r f l o w c o n t r i b u t i o n s , may be derived 
which are comparable i f not absolutely accurate. Derivation of the 
annual baseflow component i n the Narrator Brook and the recession 
curves and subsequent recession constants are achieved mainly by 
graphical techniques which are outlined i n sections 4:2:2 to 4:2:5. 
However, i n the l a s t two decades there have been some severe 
c r i t i c i s m s concerning the appropriateness of using graphical 
techniques to derive recession flow i n a catchment area. Laurenson 
(1961), studying recession curves from a catchment i n New South Wales, 
Aust r a l i a , referred to an aspect of the semi-logarithmic plots that 
tends to confuse t h e i r i n t e r p r e t a t i o n . This author found that breaks 
i n the recession curve slopes occur at discharge values as high as 
22.65 m^  sec~^, which he regarded as too high a value to be a t t r i b u t e d 
solely to groundwater flow or groundwater plus i n t e r f l o w . I n view of 
the clayey nature of the s o i l i n the South Creek Catchment t h i s f i g u r e 
seemed too high f o r groundwater flow over a two-day period, and i t was 
concluded that the break i n the recession curve, when plotted on semi-
logarithmic paper does not necessarily indicate a change from surface 
runoff to groundwater flow. Some breaks i n the slope may be 
a t t r i b u t a b l e to the difference i n a re a l d i s t r i b u t i o n of storms which 
a f f e c t the d i s t r i b u t i o n of channel storage i n the stream system, and 
consequently the shape of the recession. Not a l l slope breaks 
observed by Laurenson (1961), could be explained i n t h i s way, but i t 
was suggested that the temporal pattern of the storm may be a 
contributing f a c t o r . 
Anderson and Burt (1980) reached the conclusion that runoff 
generating recession flow cannot be Inferred from graphical p l o t t i n g 
techniques. They found by comparing laboratory and f i e l d recessions 
that some graphical techniques produce breaks of slope, which could be 
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interpreted as i n d i c a t i n g a change i n flow c h a r a c t e r i s t i c s , even 
though no change of flow processes has a c t u a l l y occurred under f i e l d 
conditions. A semilog plot was found by Anderson and Burt (1980) to 
correct l y predict a single recession l i n e f o r a laboratory slope 
drainage, but did not provide a single s t r a i g h t l i n e f o r the f i e l d 
recession, even though t h i s was generated by a single flow process* 
These authors conclude that any inference from graphical plots of 
recession flow must be treated with caution i f unsupported by f i e l d 
evidence. The use of recession flow graphs may be very useful f o r low 
flow predi c t i o n purposes, but t h e i r use as indica t o r s of the flow 
process operating during recession i s probably very l i m i t e d , (Anderson 
and Burt 1980). 
4:2:2 Derivation of the Baseflow Component f o r the Narrator Brook 
Although there are d i f f i c u l t i e s , as outlined previously, the use 
of a recession curve technique allows a reasonable estimate of the 
appearance of groundwater discharge to be made. The main problem w i t h 
the stream hydrograph analysis i s the positioning of the groundwater 
flow hydrographs under high flow conditions. I t i s impractical and 
u n r e a l i s t i c to attempt to show the influence of each flood peak on the 
form of the underlying hydrograph, therefore several non-rigorous 
methods have to be adopted. The groundwater recession l i n e recedes 
along, and i s coincident with (or j u s t below), a normal low flow 
recession u n t i l the l i n e approaches a peak discharge. When the 
groundwater recession l i n e has reached a point equivalent to the time 
of the peak of the peak streamflow, i t then climbs gradually to the 
groundwater breakoff point on the next recession. Under many closely 
spaced flood peaks t y p i c a l of flashy catchments, the groundwater 
discharge hydrograph i s maintained as a smooth slope to the breakoff 
point on the next recession. This i s i l l u s t r a t e d f o r the Narrator 
Brook (Station 11) on the 1978-79 hydrograph i n fi g u r e 4:4. 
Hydrographs u t i l i z i n g mean d a l l y discharges of the Narrator Brook 
(Station Cutt) f o r the period 1976-1979 are included i n Appendix 3. 
The baseflow components f o r the water years 1975-1979 were 
derived using t h i s technique and are discussed i n section 4:2:5. By 
calculating the area under the derived groundwater hydrographs f o r the 
respective water years, the following factors were determined f o r the 
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Narrator Brook at Station Cutt and Station 11:- annual groundwater 
discharge, average d a i l y groundwater discharge, annual baseflow 
discharge as a percentage of t o t a l streamflow, and annual e f f e c t i v e 
i n f i l t r a t i o n , (section 4:2:5). 
The formulae used here f o r the d e r i v a t i o n of e f f e c t i v e 
I n f i l t r a t i o n ( l e ) expresses the groundwater flow (Qgw), as an 
equivalent depth of water over the catchment, and I s given by:-
S^^ S v^rlOOO X 86400 X Qgw ^ - . = l e (mm.) 
Ad 
where le = average e f f e c t i v e i n f i l t r a t i o n (mm.) 
Qgw = mean d a i l y groundwater discharge (m^ sec*"^) 
Ad = Catchment area (m^) 
This method i s based on the assumption that groundwater flow 
represents that part of the p r e c i p i t a t i o n that has reached the 
watertable, and that i n f i l t r a t i o n takes place over the whole catchment 
area. The formulae i s therefore r e s t r i c t e d and no account i s taken of 
the d i f f e r e n t i a l i n f i l t r a t i o n i n t o the more permeable or less 
permeable materials i n the Narrator Brook Catchment. The average 
annual groundwater discharge may be regarded as the average annual 
replenishment resource since i t represents water e f f e c t i v e l y 
i n f i l t r a t i n g during times of the year when p r e c i p i t a t i o n exceeds 
evapotranspiration, and the s o i l s are at f i e l d capacity. 
4:2:3 Baseflow Recession i n the Narrator Brook 
Ide a l l y a complete groundwater recession curve would be derived 
over the period following the main season of heavy r a i n f a l l , providing 
that no increment to surface flow r e s u l t s from i n t e r m i t t e n t storms 
during t h i s period. Unfortunately meteorological conditions i n t h i s 
country rarely provide the opportunity to derive such a curve f o r a 
pa r t i c u l a r drainage basin. 
Barnes (1939), suggested that the point on the recession limb 
corresponding to the point at which streamflow f i r s t s consists 
e n t i r e l y of groundwater, can be approximated by p l o t t i n g 
semilogarithmically post peak discharge against time. I t i s 
impractical to p l o t each i n d i v i d u a l recession i n the manner suggested 
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by Barnes (1939), but the technique can be modified by preparing a 
composite or synthetic recession curve. This master recession curve 
i s produced by f i t t i n g together a l l the shorter I n d i v i d u a l recessions 
from the stream hydrograph. Grundy (1951), used cardboard templates 
of his derived groundwater depletion curve, while Toebes and Strang 
(1964) used the matching s t r i p method by preparing transparent 
overlays f o r a l l recession periods to obtain a synthetic master 
recession curve. In the case of the Narrator Brook, on an i n d i v i d u a l 
water year basis, a l l short recession periods were traced out from the 
hydrographs, and f i t t e d together to give a recession curve f o r each 
water year I l l u s t r a t e d f o r Station 11 i n f i g u r e 4:5. These four 
curves were then smoothed together to produce the master recession 
curve ( f i g 4:6b). Master recession curves f o r both Station Cutt 
( f i g u r e 4:6a) and Station 11 ( f i g u r e 4:6b) were also produced. 
•Generally i n the Narrator Brook good streamflow recessions are 
not apparent on the hydrograph plots due to the highly variable 
'flashy' flow regime. This v a r i a b i l i t y i s I l l u s t r a t e d by the absolute 
maximum and minimum mean d a l l y flows i n table 4:1. 
Table 4:1 Range of Discharge i n the Narrator Brook 1976-1979 
Mean d a l l y flow 1976 1977 1978 1979 
Maximum 
Minimum 
/ 3 _1 X (m sec ; 
0.4 
0.01 
1.00 
0.04 
0.94 
0.04 
2.11 
0.10 
When overland flow occurs i n the catchment, then frequent rapid 
increases i n runoff r e s u l t s , g i v i n g a hydrograph with a f r e t t e d 
appearance. A smoother hydrograph indicates areas where groundwater 
runoff predominates, (Ward 1967). In the Narrator Valley t h i s feature 
may be overshadowed due to I n t e r f l o w contributions and runoff through 
fissured granites higher up i n the catchment. 
The recession curve by I t s e l f t e l l s , i n a general way, the amount 
of flow from baseflow sources i n a catchment, and the time required to 
subs t a n t i a l l y deplete the source, (Rlggs 1964). The master recession 
curve f o r the Narrator Brook (Station Cutt) as i l l u s t r a t e d i n f i g u r e 
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4:6a has a time axis of greater than 210 days, while that 
for Station 11 has one of 190 days ( f i g u r e 4:6b). 
By comparison with other recession times r e l a t i v e to the 
catchment area, groundwater I n the Narrator Valley I s a s i g n i f i c a n t 
component of streamflow I n a small weathered granite catchment on 
Dartmoor (table 4:2). 
Table 4:2 Comparison of Recession Times and Catchment Areas 
River Catchment Area 
km^ 
Recession Time 
(days) 
Authors 
Test 
Hampshire UK 
1043.8 270 Webber (1961) 
Itchen 
Hampshire UK 
3 60 270 Webber (1961) 
Meon 
Hampshire UK 
72.8 260 Webber (1961) 
Narrator )Statlon 11 
Brook, UK)Statlon Cutt 
3.44 
4.75 
190 
210 
Alexander 
Makuyu, 
Kenya 
77.7 440 Grundy (1951) 
South Creek 
New South Wales 
Aus t r a l i a 
88.0 25 Lauren8on(1961) 
4:2:4 Recession-Constants 
Under Ideal hydrogeologlcal conditions a semllogarlthmlc plot of 
a 83rnthetlc recession curve would enable three s t r a i g h t l i n e s of best-
f i t to be f i t t e d to the data points. These would represent, surface 
flow. I n t e r f l o w , and groundwater flow with t y p i c a l Barnes constants of 
0.329, 0.694 and 0.980 respectively. Under f i e l d conditions, Ineson 
and Downing (1964), noted that the recession constant K Increases from 
values as low as 0.10 f o r the recession of surface r u n o f f , t o values 
as high as 0.99 for groundwater recession. 
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A seml-logarithmic plot of the master curves of figures 4:6a, 
4:6b were produced ( f i g s 4:7, 4:8) and the Barnes recession constants 
obtained by the re l a t i o n s h i p 
t 
Qt = Q^ K 
log Q - log Qt o 
using - log K 
By s u b s t i t u t i o n from values on the graph of figures 4 : 7 , 4 : 8 Barnes* 
recession constants are derived as 
= 0 . 9 5 0 2 
K2 = 0 . 9 9 0 8 
for Station 1 1 
and = 0 . 9 4 6 2 
K2 = 0 . 9 9 3 7 
for Station Cutt 
Previous recession values derived for the Narrator Brook, Sims ( 1 9 7 5 ) 
obtained values of 0 . 9 7 5 9 and 0 . 9 9 8 4 which were inte r p r e t e d as repre-
senting I n t e r f l o w and baseflow respectively. In a hydrogeologically 
complex area l i k e the Narrator Brook Catchment the d i s t i n c t i o n between 
i n t e r f l o w and baseflow components Is an a r b i t r a r y decision since 
contributions are of a multicomponent nature. The recession constants 
produced show a two-component nature which i s due p r i m a r i l y to the 
delay time of the discharge components. 
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In the Narrator Brook Catchment, horizons with widely d i f f e r e n t 
properties drain at d i s t i n c t l y d i f f e r e n t rates. This I s a l i k e l y 
s i t u a t i o n i n the upper reaches of the catchment where more permeable 
areas of weathered granite, c l i t t e r slopes and mining s p o i l heaps, 
drain more quickly towards the stream. Lenses of clay materials and 
large scale t e x t u r a l variations i n the weathered granite may retard 
water movement downwards towards the stream channel, and zones of 
deep-seated i n t e r f l o w may contribute to groundwater recharge a f t e r a 
considerable time period has elapsed since the recharge event. The 
j o i n t s and fissures w i t h i n the granite bedrock of the catchment may 
give r i s e to a large number of springs and seepages which contribute 
to the t o t a l groundwater component of the Narrator Brook Catchment. 
Such contributions to the main stream channel w i l l have very d i f f e r e n t 
decay or recession rates, which could account for the two-component 
nature of the groundwater recession curve. 
Baseflow discharge i n t o a r i v e r i s influenced by evapotrans-
p i r a t i o n losses which are p a r t i c u l a r l y important during the dryer 
months, when recession takes place over a longer time period. Such 
losses, along with other minor f l u c t u a t i o n s i n r i v e r flow, r e s u l t I n 
an Imperfect plot of the logarithm of discharge against time. The 
fact that the s t r a i g h t l i n e segments r a r e l y y i e l d t y p i c a l Barnes 
recession constant values is^^expected i n hydrogeologlcally complex 
areas. In such si t u a t i o n s composite groundwater flow from d i f f e r e n t 
aquifers of d i f f e r e n t gross yi e l d s and storage properties, cause 
variat i o n s i n the logarithms of discharge versus time p l o t s , and 
res u l t i n multlcomponent recessions, (Nutbrown and Downing 1964). 
Because of the multicomponent nature of the c o n t r i b u t i o n s , both 
volumetrically and s p a t i a l l y , to streamflow i n the Narrator Brook, 
hydrograph separation techniques w i l l not be able to easily 
d i f f e r e n t i a t e between the I n d i v i d u a l components. In broad terms a 
d i v i s i o n between surface and sub-surface components may be approxi-
mated which gives an i n d i c a t i o n of the magnitude of groundwater 
con t r i b u t i o n to streamflow, 
4:2:5 Active storage i n the Narrator Brook Catchment 
The quantity of water i n active storage Is derived from the 
baseflow recession constant and i s quantified i n tables 4:3, 4:4. 
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Active storage values i n t h i s case represent the t o t a l volume of water 
availabley for streamflow w i t h i n the aquifer above the elevation of 
the gauging s t a t i o n . Figures i n tables 4:3, 4:4 are the actual 
quantity of water i n temporary storage above Station Cutt and Station 
11. for a given time, f o r any mean d a i l y groundwater 
discharge. 
Table 4:3 Groundwater, Effective I n f i l t r a t i o n and Storage Components, 
Station Cutt 
Year Q(m^/sec) Qgw 
(m /sec) 
Qgw as 
% of Q 
le(mm) Daily 
Mean 
Qgw 
Active Storage 
3 ^^""^ 3 (m^'/day x lO") 
1975-76 53.92 48.56 90.05 883 0.147 2048 
1976-77 81.61 69.16 84.74 1257 0.223 3107 
1977-78 81.01 63.90 78;87 1162 0.221 3079 
1978-79 81.92 67.08 81.88 1220 0.224 3121 
Mean 74.61 62.17 83.88 1130 0.203 2838 
Station Cutt catchment area ° 4.75 km^ 
Q 
Qgw 
le 
(St) 
t o t a l discharge m^/sec 
groundwater component of discharge m^/sec, from 
separated baseflow hydrograph 
Qgw expressed i n millimetres over the catchment area 
( e f f e c t i v e i n f i l t r a t i o n ) 
active storage for the catchment above Station Cutt 
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Table 4:4 Groundwater, E f f e c t i v e I n f i l t r a t i o n and Storage Components, 
Station 11 
Year Q(m^/sec) Qgw 
(m /sec) 
Qgw as 
% of Q 
le(mm) Dally 
Mean 
Qgw 
Active Storage 
(mVday x 10^) 
1975-76 24.78 16.06 64.81 403 0.044 413 
1976-77 65.22 49.83 76.40 1251 0.136 1277 
1977-78 63.94 47.70 74.60 1198 0.130 1220 
1978-79 62.95 44.62 70.88 U20 0.122 1145 
Mean 54.22 39.55 71.67 993 0.108 1014 
Station 11 catchment area = 3.44 km^ 
Q = t o t a l discharge m^/sec 
Qgw = groundwater component of discharge m^/sec, from separated 
baseflow hydrograph 
le = Qgw expressed In mill i m e t r e s over the catchment area 
( e f f e c t i v e i n f i l t r a t i o n ) 
(St) = active storage f o r the catchment above Station 11 
The calculation of active storage i s based on the Horton 
recession equatlon:-
(St) 
where (St) =» the amount of water i n storage 
available f o r discharge above the 
gauging s t a t i o n (m^/sec x 10^) 
Q^  = baseflow discharge at time ( t ) a f t e r 
the beginning of the recession (days) 
Horton's groundwater recession constant 
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This equation assumes that groundwater and surface water components of 
discharge can be Isolated and that the beginning of the groundwater 
recession can be easily I d e n t i f i e d , which has been shown In section 
4:2:2 not to be the case I n the Narrator Valley. Since hydrograph 
separation techniques adopted In t h i s Instance are considered to 
approximate rapid and delayed contributions to stream discharge, the 
use of the Horton recession equation may be J u s t i f i e d . 
The Barnes recession constants f o r the Narrator Brook were 
converted to equivalent Horton recession constants, f i g u r e 4:7. 4:8 
by:-
K^ = 2.303 log . K* 
where K* = Barnes recession constant 
From a comparison of tables 4:3 and 4:4 I t I s obvious that the 
lower part of the Narrator Brook Catchment Is behaving I n a d i f f e r e n t 
fashion to the upstream catchment above Station 11. Station Cutt 
possesses a much larger groundwater component of discharge (84%) than 
Station 11 (72%). This can be a t t r i b u t e d possibly to the greater 
thicknesses of weathered granite i n the lower catchment with varying 
hydraulic properties, and to the greater contributions to streamflow 
lower down the v a l l e y from springs and seeps. The v a r i a t i o n s i n t o t a l 
discharge per u n i t area of catchment are discussed i n section 4:3. 
The greater amounts of groundwater available i n t h i s downstream 
area are substantiated by the dominance of springs and seepages 
between Station Cutt and Station 11 I n comparison to those above 
Station 11. Figure 2:18 i n Chapter 2 and f i g u r e 3:6 I n Chapter 3 
i l l u s t r a t e the d i s t r i b u t i o n of springs, seeps and marshy areas over 
the catchment. Further hydrogeological differences between the upper 
and lower catchment are summarised i n section 4:4:3. 
The groundwater recession l i n e . I l l u s t r a t e d I n figures 4:7, 4:8 
as a dotted l i n e , was extrapolated back to where t = 0 i n order to 
obtain the t h e o r e t i c a l maximum groundwater storage. The values 
achieved f o r Station 11 and Station Cutt are presented i n table 4:5. 
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Table 4:5 Theoretical Maximum Groundwater Storage at Station Cutt 
and Station 11 
Theoretical 
Maximum 
Groundwater 
Storage 
/sec 
Average Groundwater Storage 
per Water Year m^^yr x 10^ 
Mean Active 
Storage 
m/day x 10^ 
0.24 7568 2838 Station 
Cutt 
0.10 3153 1014 Station 
11 
I t can be seen that the annual active storage represents the smaller 
component of groundwater recharge. Storage factors i n the Narrator 
Brook Catchment are outlined i n table 4:6. 
The mean stream surplus i n table 4:6 represents that volume of 
water which could be abstracted without depletion of storage or 
baseflow c o n t r i b u t i o n to the natural discharge of the Narrator Brook 
as measured at Station Cutt. The Narrator Brook discharges i n t o the 
Reservoir downstream, which supplies drinking water to Plymouth and 
i t s environs, so the p o t e n t i a l f o r abstraction from the Narrator 
Valley i s c u r t a i l e d . 
Table 4:6 Storage Factors i n the Narrator Brook Catchment 
Component per day per Water Year 
Maximum Groundwater Storage 
Average Active Storage 
Mean Stream Discharge 
Mean Groundwater Discharge 
Mean Stream Surplus 
0. J Zf m^/sec 
28.38 xlO^ m^ /d 
74.61 m/^sec 
62.17 m/^sec 
12.44 m/^sec 
7.562x10^ m3/yr 
1.03 xlO^ m^/yr 
2.35 xlO^ m^/yr 
1.96 xlO^ m^/yr 
3.92 xlO^ m^/yr 
During the droughtoll976, a large proportion of springs feeding 
streams i n the South West region dried up, (Brooker and Mildren 1977) 
The lowest flow of 0.006 m^  sec"^ was recorded i n the Narrator Brook 
during t h i s period, suggesting that groundwater makes a sustained 
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c o n t r i b u t i o n to streamflow i n t h i s v a l l e y . Despite the importance of 
the groundwater component i n the Narrator Brook, the general 
hydrograph shape, as i l l u s t r a t e d i n f i g u r e 4:4-, i s somewhat f r e t t e d . 
This feature has already been discussed i n section 4:2, but i s worthy 
of fur t h e r comment i n the l i g h t of the foregoing discussion. 
Large t r a c t s of the Narrator Brook Catchment are characterised by 
sequences of varying thicknesses and textures of weathered g r a n i t e , 
fractured granite blocks and s o i l horizons. Each horizon possesses 
varying hydraulic properties, and Isolated pockets of permeable 
materials of l i m i t e d temporary storage capacity, may w e l l ensure the 
'flashy* c h a r a c t e r i s t i c s of the hydrograph, p a r t i c u l a r y i n winter 
months. Flashy hydrographs of the Narrator Brook and other Dartmoor 
streams may also be a t t r i b u t e d to saturated overland flow from the 
moorland. Where an iron-pan I s present saturation occurs upwards 
re s u l t i n g i n moorland which i s more or less permanently saturated i n 
the winter months. Because of the impeding e f f e c t of the iron-pan, 
I n f i l t r a t i o n i s minimal, so saturated overland flow contributes to 
moorland t r i b u t a r i e s , r e s u l t i n g i n flashy hydrographs. 
Saturated areas i n the Narrator Brook Catchment ( i l l u s t r a t e d i n 
figure 2:17 i n Chapter 2 ) , have been observed i n wet periods (by the 
author) to expand markedly, thereby e f f e c t i v e l y expanding the d i r e c t 
contributory regions to the channel network. This also r e s u l t s i n 
•flashy* features i n the hydrograph shape. 
Whlpkey and Kirkby (1978), have outlined the importance of s o i l 
and weathered zones on the stream hydrograph shape. Once sub-surface 
flow has drained i n t o the impeding s o i l layer, i t drains out very 
slowly with a response time of several weeks. As a r e s u l t the s o i l 
hydrograph i s l i k e l y to be a major determinant of drainage basin 
recession curves where a suitable impeding layer i s present, but only 
where groundwater does not play a major r o l e , (Whipkey and Kirkby 
1978). 
I t can be seen that rapid surface runoff e f f e c t s i n the Narrator 
Brook Catchment may mask the r e l a t i v e importance of groundwater flow 
contributions to streamflow, but i n dry periods the significance of 
baseflow contributions to stream discharge Is more apparent. 
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4:3 Analysis of Data from Nor^-Contlnuous Streamflow Gauging Sites 
I t had been observed i n previous years, during undergraduate 
streamflow measurement exercises, that the flow c h a r a c t e r i s t i c s of the 
Narrator Brook showed some anomalies, (pers. comm. Sims, 1978). 
The flow appeared both to Increase, and i n some sections, decrease i n 
a downstream d i r e c t i o n . This suggested that the Narrator Brook 
exhibited at c e r t a i n periods, both I n f l u e n t and e f f l u e n t sections 
along i t s course, i n d i c a t i n g some hydraulic c o n t i n u i t y with the v a l l e y 
aquifer. This c h a r a c t e r i s t i c may also a f f e c t the hydrograph shape. 
During t h i s i n v e s t i g a t i o n , a study s t r e t c h of some 600 metres of 
the Narrator Brook, between the discharge measuring s t a t i o n s , was 
gauged. An attempt was made to determine the presence or absence of 
hydraulic c o n t i n u i t y between the channel and weathered granite 
aquifer, along t h i s s t r e t c h . Three stream gauging s i t e s C, D and E 
were chosen between Station Cutt and Station 11 ( f i g u r e 4:9). As can 
be seen from t h i s f i g u r e several inputs to the Narrator Brook are 
evident along t h i s 600 metre st r e t c h of the stream channel, none of 
which were monitored during t h i s stream gauging exercise. 
Current metering was carried out during the water year 1978-79 on 
th i s study section. Such v e l o c i t y measurements were taken from 1-4 
times i n any month and at periods considered to correspond with the 
r i s i n g limb, peak and recession of any given storm hydrograph. 
Velocity measurements were converted to discharge measurements taking 
in t o account the cross-sectional area of the stream at an i n d i v i d u a l 
gauging s i t e . These derived flows were compiled, together with flows 
at Station Cutt and Station 11 on the same day, and compared with a 
p r e c i p i t a t i o n p l o t f o r the Narrator Brook Catchment. 
The comparison of r a i n f a l l events with i n d i v i d u a l records f o r 
stream discharge at each s t a t i o n and s i t e , provided a complex view of 
seasonal v a r i a t i o n of i n f l u e n t and e f f l u e n t conditions i n the Narrator 
Brook. An approach which considered contributions to streamflow per 
unit area, taking Independently the i n d i v i d u a l basin areas between 
stream discharge stations and s i t e s , was adopted i n an attempt to 
i d e n t i f y I n f l u e n t and e f f l u e n t sections of the Narrator Brook. This 
method minimises the e f f e c t of ephemeral t r i b u t a r y and spring 
contributions to the main channel (which were not measured 
Independently) as discharge i n the stream channel becomes proportional 
to a p a r t i c u l a r stream-gauging s i t e or discharge station's drainage 
area. Table 4:7 i l l u s t r a t e s the catchment drainage area between 
stations and s i t e s , and the distances along the stream between each of 
the monitored locations. - 179 -
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Table 4:7 Area of Contributory Surfaces to Discharge Sites and 
Stations, Narrator Brook 
Station or Site Area (km ) Distance along stream 
between s i t e s (m) 
St. 11 and 
catchment boundary 
3.44 -
St. 11 and C 0.288 150 
C and D 0.233 130 
D and E 0.133 80 
E and St. Cutt 
Total Catchment 
Area 
0.65 
4.75 
240 
Total 
length 600 
e f f l u e n t section 
s l i g h t l y e f f l u e n t 
strongly e f f l u e n t 
i n f l u e n t section 
Moving downstream from Station 11 the following discharge 
variations are apparent:-
(a) between Station U and C 
(b) between C and D 
(c) between D and E 
(d) between E and Station Cutt 
and are i l l u s t r a t e d i n Figure 4:9. 
Table 4:8 i l l u s t r a t e s Q m^  sec"^ per km^  of c o n t r i b u t i n g 
catchment area. The cont r i b u t i n g area i s that measured between two 
sites (eg. s i t e D and C); between a s t a t i o n and a s i t e (eg. Station 
Cutt and Site E); and between Station 11 and the catchment boundary. 
Figure 4:10 i l l u s t r a t e s these discharges v a r i a t i o n s per u n i t drainage 
area graphically. 
Generally over most of the catchment, groundwater contributes to 
streamflow, except I n the lower portions of the Narrator Brook where 
i n f l u e n t conditions are present from Site E, down towards Burrator 
Reservoir. Table 4:8 tabulates the average percentage of streamflow 
loss between discharge at Site E and Station Cutt. This constitutes 
nearly 30% of t o t a l discharge measured at Site E. These I n f l u e n t 
conditions i n the lower reaches of the Narrator Brook may be due 
pa r t l y to the greater transmlssivity of the coarser v a l l e y I n f i l l I n 
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Table 4:8 Streamflow Per Unit Drainage Area, at Discharge Sites and 
Stations, Along a Study Section of the Narrator Brook Channel 
(m^ sec -1 km-2) 
St.11 Site C Site D Site E St Cutt (m 3 sec-^ km-2) 
(Catchment (St 11 (C-D) (D-E) ( f i - Loss of Flow at 
Date Boundary 
- St 11) 
- C) st Cutt St 
St 
E 
Cutt = 
Cutt as % 
flow 
20.10.78 0.013 0.138 0.214 0.526 0.230 43.72 
7.12.78 0.045 0.315 0.351 0.481 0.323 67.15 
12. 1.79 0.049 0.847 1.304 2.075 0.338 16.28 
12. 2.79 0.095 1.458 1.888 2.932 0.476 16.23 
20. 2.79 0.055 0.902 1.158 1.954 0.369 18.88 
27. 2.79 0.055 0.756 0.931 1.639 0.369 22.51 
19. 3.79 0.078 0.666 1.540 2.526 0.338 13.38 
9 4.79 0.049 0.656 1.000 1.571 0.338 21.51 
19. 4.79 0.046 0.548 0.755 1.368 0.338 24.70 
24. 4.79 0.052 0.833 1.060 1.511 0.353 23.36 
18 5.79 0.034 0.375 0.386 0.924 0.307 33.22 
25. 5.79 0.037 0.427 0.420 1.015 0.307 30.24 
5. 6.79 0.049 0.552 0.866 1.308 0.338 25.84 
20. 6.79 0.037 0.444 0.751 1.030 0.307 29.80 
3. 7.79 0.026 0.312 0.450 0.872 0.276 31.66 
10. 7.79 0.020 0.260 0.484 0.721 0.261 36.20 
24. 7.79 0.017 0.222 0.343 0.466 0.246 52.79 
31. 7.79 0.058 0.354 0.622 1.300 0.369 28.39 
7. 8.79 0.026 0.288 0.369 0.593 0.276 46.55 
14. 8.79 0.130 0.750 1.918 2.421 0.584 24.13 
21. 8.79 0.034 0.496 0.480 0.932 0.307 32.94 
4. 9.79 0.029 0.357 0.399 1.105 0.292 26.43 
11. 9.79 0.026 0.291 0.420 0.744 0.276 37.10 
25. 9.79 0.026 0.243 0.493 0.804 0.276 34.33 
2.10.79 0.026 0.229 0.309 0.586 0.277 47.27 
9.10.79 0.026 0.264 0.356 0.797 0.276 34.63 
16.10.79 0.023 0.232 0.317 0.676 0.261 38.61 
16.11.79 0.055 0.545 0.914 1.924 0.369 19.18 
20.11.79 0.063 0.465 1.167 1.872 0.384 20.52 
18.12.79 0.110 1.149 1.763 3.248 0.523 16.11 
22. 1.80 0.043 0.923 1.055 2.150 0.323 15.03 
5. 2.80 0.075 1.381 1.768 3.255 0.415 12.75 
Average % of stream flow l o s t between Site E and Station Cutt = 29.43% 
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t h i s section, p a r t i c u l a r l y i n the v i c i n i t y of w e l l 6, and to the 
draining of groundwaters from weathered materials towards the lower 
elevation of the water-level i n the reservoir. 
Figure 4:11 i l l u s t r a t e s the re l a t i o n s h i p between the percentage 
loss of flow to the aquifer between Site E and Station Cutt, and the 
absolute discharge at Station Cutt g i v i n g a s i g n i f i c a n t negative 
c o r r e l a t i o n c o e f f i c i e n t - 0.58 (0.001 significance l e v e l ) . From t h i s 
f i g u r e i t i s apparent that the larger the flow i s i n the stream 
channel the smaller i s the loss to the v a l l e y aquifer through the 
In f l u e n t section. This again relates to the greater t r a n s m i s s i v i t y of 
some materials i n the lower va l l e y section. I n wet periods the 
rapidly moving water table i s raised s u f f i c i e n t l y i n order t o reduce 
the hydraulic gradient from the channel to the aquifer and hence 
reduce the volume of water transmitted. 
4:4 The S t a b i l i t y of Groundwater Discharge i n tlie Narrator Brook 
Catchment 
Water measured at a gauging s t a t i o n i s the surface outflow of the 
drainage basin above a specified point on a stream, and the discharge 
record integrates the e f f e c t s of climate, topography and geology, 
giving the d i s t r i b u t i o n of runoff i n time and magnitude. When the 
flows are arranged according to frequency of occurrence and a flow-
duration curve i s p l o t t e d , the r e s u l t i n g curve shows the integrated 
e f f e c t of the various factors that a f f e c t runoff throughout a range of 
discharges, and provides some i n d i c a t i o n as to the s t a b i l i t y of 
groundwater discharge. 
4:4:1 Flow Duration Analysis i n the Narrator Brook Catchment 
Using the method described by Searcy (1959), flow duration curves 
were plotted f o r Station Cutt and Station 11 u t i l i s i n g mean d a i l y 
flows at each location over a four year period, ( f i g u r e s 4:12a, 
4:12b). Tabulations of t h i s data are found i n Appendix 3. Details 
concerning the extreme ends of the discharge range are somewhat 
obscured, so to overcome t h i s disadvantage a log-normal p r o b a b i l i t y 
scale was employed on a l l i n d i v i d u a l four years data at each s t a t i o n , 
figures 4:13, 4:14, and on the compounded 4-year plot f o r Station 11 
and Station Cutt ( f i g u r e 4:15). The shape of the flow duration curve 
i s determined by the hydrogeologlcal c h a r a c t e r i s t i c s of a drainage 
area, (Searcy 1959). A curve with a steep slope throughout denotes a 
highly variable stream whose flow i s l a r g e l y from d i r e c t runoff, where 
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FIGURE 4i11 L O S S OF FLOW TO AQUIFER BETWEEN 
SITE E AND ST. CUTT, AGAINST 
DISCHARGE AT ST CUTT 
70 
6 0 J 
u 50 
Ya a • b i 
aa - 130-99 
bs 57-97 
c o r r e l a t i o n c o o f f l c l e n t • - 0 - 5 8 
4 0 H 
3 0 A 
2 0 
10 
01 0-2 0-3 0-4 05 
Q S T C U T T m ^ a e c " ^ 
o 
• 0-76i 
0754 
0-69 
0-63-
0-57 -
0-51-
0-45-
0 3 9 
0-33 
0-27 
0-21 
0-15 
0 0 9 
0 0 3 
FIGURE 4t12a 
FLOW DURATION CURVE 
ST CUTT 1976-1979 
0-76 
0-72. 
0-66 
0-60 -
0-54-1 
a48 . 
0-45 
0-39 
0 3 3 
0-27 
0-21 
0-15 
009H 
003H 
FIGURE 4:12b 
FLOW DURATION CURVE 
ST 11 1976-1979 
\ T 1 1 1 1 1 r 1 1 1 0 -i r——I 1 1 1 1 r i i i 
0 10 20 30 40 50 6 0 70 8 0 90 100 0 10 20 30 40 50 60 70 80 90 100 
P E R C E N T OF TIME E X C E E D E D 
\ 
a* 
n 
E 
005 h 
001 
1977 1979 
1977 
1978 
0.1 05 1 2 5 10 20 30 t*0 50 60 70 80 90 95 98 99 99 8 999 99 99 
% time exceeded 
FIG. 4:13 LOG-PROBABILITY PLOTS FLOW DURATION CURVES ST 11 NARRATOR BROOK 1976-1979. 
op 
\ 
ror 
0.5 h 
01 
0.05 
001 I I J L J I I L J L J L 
0 01 0.05 0 2 0.5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99.8 999 9999 
% time exceeded 
FIG. 4:14 LOG-PROBABILITY PLOTS FLOW DURATION CURVES ST CUTT NARRATOR BROOK 
1976-1979. 
u 
cn 
E 
005 h 
St.Cutt 
0 01 0 05 0 2 0 5 1 2 5 10 20 30 40 50 60 70 80 90 95 98 99 99 8 999 99-99 
% time exceeded 
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a curve with a f l a t slope reveals the presence of surface or 
groundwater storage which tends to equalise the flow. The slope of 
the lower end of the flow duration curve shows the c h a r a c t e r i s t i c s of 
the perennial storage i n the drainage basin; a steep slope a t the 
lower end indicates a n e g l i g i b l e amount. 
A steep curve which covers a wide range of flows i s 
c h a r a c t e r i s t i c of a flashy r i v e r where d i r e c t surface runoff 
predominates owing to the largely impermeable nature of catchment 
geology. This steeper portion i s i l l u s t r a t e d i n figures 4:12a, 4:12b, 
of the flow duration curve f o r both stations on the Narrator Brook and 
results from peak flows due to h i g h - i n t e n s i t y long-duration winter 
p r e c i p i t a t i o n . Contributions to these peak discharges are l i k e l y to 
be provided by fissure flow from granite outcrops and c l i t t e r slopes 
higher up i n the catchment, along with saturated overland flow 
f a c i l i t a t e d by iron-pan horizons i n the Narrator Valley weathered 
horizons. 
From figures 4:12a and 4:12b i t i s evident that the upper and 
lower catchments behave i n hydrogeologically d i f f e r e n t manners. Both 
flow duration curves begin to f l a t t e n out towards t h e i r middle and 
lower ends i n d i c a t i n g that groundwater c o n t r i b u t i o n to streamflow i s 
s i g n i f i c a n t . Station Cutt has a much f l a t t e r curve ( f i g 4:12a) than 
Station 11 ( f i g 4:12b) in d i c a t i n g that the groundwater component i s 
larger i n the lower catchment than i n the higher catchment area; a 
fact that i s discerned by active storage calculations i n section 
4:2:5. As can be seen by comparing figures 4:13, 4:14 and 4:15, a l l 
Station Cutt's and a l l of Station 11 i n d i v i d u a l year plots show great 
s i m i l a r i t i e s . From a comparison of figures 4:15 50% and 90% 
percentiles, i t can be seen (table 4:9) that the baseflow component at 
Station Cutt i s higher than that of Station 11 as supported by 
analysis (section 4:2). The high values at 90% percentile f o r both 
stations f u r t h e r suggests that there i s s i g n i f i c a n t base flow which i s 
ascribed to groundwater contributions. 
Table 4:9 Flow Duration Analysis Narrator Brook 
Station Cutt m^  sec"^ Station 11 m^  sec"^ % of flow exceeded 
0.23 
0.18 
0.13 
0.04 
50% pe r c e n t i l e 
90% p e r c e n t i l e 
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As an estimate of bascflow contributions to streamflow from the 
four year average flow duration curve, a l i n e j o i n i n g the f l a t t e r 
regions of both curves*^was extrapolated backwards to i n t e r s e c t the 
ordinate. I n the case of Station 11 t h i s value I s 0,30 sec~^ and 
Station Cutt 0,33 sec"^, which occurs f o r 86% and 88% of the four 
year time period, respectively. One may i n f e r that the Narrator Brook 
i s fed e n t i r e l y by baseflow at a l l measured flows less than 0*30 and 
0.33 m^sec"^. These figures compare w e l l w i t h those of Table 4:4 and 
Table 4:3 fo r Station 11 and Station Cutt gi v i n g the average 
groundwater component as a percentage of streamflow as 71.67% and 
83.88% respectively. These figures demonstrate conclusively the 
importance of the groundwater c o n t r i b u t i o n to the Narrator Brook, and 
r e f l e c t favourably on the p o t e n t i a l storage properties of weathered 
granite v a l l e y aquifers. 
4:4:2 Flow Duration Curve Indices 
Indices have been developed to quantify the slope of a flow 
duration curve, and Hall (1967) used the r a t i o of the flow l e v e l 
exceeded 30% of the time to that exceeded 70% of the time as a means 
of curve q u a n t i f i c a t i o n . Lane and Lei (1950) proposed the v a r i a b i l i t y 
Index as a means of quantifying the flow duration curve. This i s the 
standard deviation of the flow data and i s derived by reading o f f the 
values of discharge at 10% duration i n t e r v a l s between 5 and 95% and 
calculating the standard deviation of the logarithms of these values. 
The v a r i a b i l i t y index has been adopted here as a means of 
comparison between flow duration curves constructed f o r the Narrator 
Brook at both Station 11 and Station Cutt. Where the index value i s 
high the v a r i a t i o n i s great, and conversely where the index I s low, 
the v a r i a t i o n i s small. As can be seen from Table 4:10 Station Cutt 
has a low v a r i a b i l i t y index while that of Station U I s s l i g h t l y 
higher. The v a r i a b i l i t y index f o r an average r i v e r i s approximately 
0.6, (Gregory and Walling 1973), but Lane and Lei found a range 
between 0.14 and 1.17 i n t h e i r study of r i v e r s i n the eastern United 
States, which suggests the Narrator Brook has o v e r a l l a low 
v a r i a b i l i t y index. 
In the case of the Narrator Brook the differences i n v a r i a b i l i t y 
Indices between Station Cutt and Station 11 again suggest 
hydrogeological differences between the upper and lower parts of t h i s 
drainage basin. The higher indices 0.25 - 0.43 may be explained 
p a r t l y by the v a r i e t y of flow c o n t r i b u t i n g u n i t s i n the upper 
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catchment area, along with t h e i r s p a t i a l d i s t r i b u t i o n and frequency of 
flow. These comprise of rapid recharge v i a the c l l t t e r slopes and 
massive j o i n t e d granite tors» saturated overland flow due to Impedence 
of I n f i l t r a t i n g waters by i r o n pan accumulations, and spring and 
seepage contributions. The lower v a r i a b i l i t y of flow between Station 
11 and Station Cutt can be a t t r i b u t e d to the storage capacity of 
weathered granite materials i n these locations. This r e s u l t s i n 
greater uniformity of flow on a yearly basis i n t h i s part of the 
weathered granite aquifer. Springs and seepages are also noted i n 
t h i s middle section of the Narrator Valley, but these are observed to 
be of a more consistent nature i n t h i s area, being mostly I n t e r m i t t e n t 
and perennial, compared to the empheral, shorter duration flows higher 
upstream. 
Table 4:10 V a r i a b i l i t y Indices f o r the Narrator Brook, 
a f t e r Lane and Lei (1950) 
Mean Log of Q Sum of Squares (a) or V a r i a b i l i t y Index 
St. Cutt 
1976 - 0.70 0.172 0.138 1977 - 0.63 0.157 0.132 1978 - 0.62 0.162 0.145 1979 — 0.61 0.099 0.105 
St. 11 
1976 - 1.15 - 1.715 0.436 
1977 - 0.82 - 0.852 0.307 1978 - 0.92 - 1.08 0.346 1979 — 0.80 - 0.60 0.258 
The two-component nature of the groundwater recession curves has 
been referred to previously i n section 4:2:4. Recourse i s now made to 
Station 11 and Station Cutt's recession curves by way of i l l u s t r a t i n g 
the differences i n the o v e r a l l hydrogeological properties of the 
weathered granite aquifer between Station Cutt and Station 11, and 
upstream of Station 11. 
Using the mean groundwater discharge, (Qgw), and the Horton 
recession constants, active storage (St) i s calculated using and 
K^ . The active storage of the early part of the groundwater recession 
i s l i k e l y to be more readily available f o r streamflow and i s expressed 
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as a percentage of the t o t a l active storage f o r the catchment at each 
st a t i o n (table 4:U). By reference to t h i s table I t can be seen that 
above Station Cutt 11.0% of the active storage I s released I n the 
f i r s t 20 days of the recession ( f i g u r e 4:7), w h i l s t 18.0% of the 
available active storage i s released i n the f i r s t 20 days of the 
recession above Station 11 ( f i g u r e 4:8). This f u r t h e r suggests that 
the storage capacity of the weathered granite aquifer i s greater i n 
the downstream region, and responds i n a more uniform manner to 
recharge than the Isolated and widely d i s t r i b u t e d zones upstream* 
Table 4:11 Two-Component Storage Factors 
Mean 
Qgw 
PI Sec 
Mean Active 
Storage 
m^d-l 
Station Cutt 
0.203 0.055 319 X 10^ 
0.203 0.0062 28J8 X 10^ 
11.24% of t o t a l 
St. i s released 
to the stream 
i n the f i r s t 20 
days of the 
recession 
Station 11 
0. 08 0.051 135 X 10^ 
0.08 0.00*12 
17.97% of t o t a l 
active storage 
i s released to 
the stream i n 
the f i r s t 20 
days of the 
recession 
4:4:3 Water Balance i n the Narrator Brook Catchment 
Streamflow gauging stations measure catchment runoff I n the 
stream channel at any given moment i n time only. A component of 
discharge from e f f l u e n t sections of the channel, unsaturated l a t e r a l 
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flow, and a flow component p a r a l l e l w i t h the r i v e r channel may be 
undetected. This underflow f r a c t i o n may be a s i g n i f i c a n t amount, 
p a r t i c u l a r l y I n areas with a v a r i e t y of permeable weathered products 
i n the v i c i n i t y of the r i v e r . 
Substantial underflow from the catchment upstream of Station 11 
may account f o r the higher proportion of groundwater discharge i n 
streamflow i n the lower catchment area i n the v i c i n i t y of Station 
Cutt. To obtain an approximation of the amount of underflow passing 
out through the Narrator Brook Catchment beneath the gauging s t a t i o n 
at Station Cutt, Darcy's equation (Q KiA) was u t i l i s e d . The basic 
v e l o c i t y equation: 
V = ~- i s substituted i n t o Darcy's equation gi v i n g 
vA = KAl, and v => K l . A porosity correction i s applied 
because groundwater only moves through the pores 
g i v i n g V = 
where 
V = average bulk v e l o c i t y (m/d) 
K = hydraulic conductivity (m/d) 
0 = porosity (%) 
1 = hydraulic gradient 
Q = underflow (m^/d) 
A = area of valley cross-section (m^) 
In conjunction with the basic v e l o c i t y equation r e - w r i t t e n as 
Q = vA, underflow estimates In the Narrator Valley were determined. 
A cross-valley section of the aquifer of 4530 m^  i n area,for 
p o t e n t i a l underflow, was calculated i n the v i c i n i t y of Station Cutt. 
The dimensions used are l i s t e d i n Table 4:12. The mean hydraulic 
conductivity ( K ) , i s derived from measurements i n the catchment as 
outlined I n Chapter 6. An average porosity of 25% f o r the v a l l e y 
materials were u t i l i s e d a f t e r Freeze and Cherry's (1979) 
recommendations f o r porosities of s i l t s , sands and gravels being 
between 25-50%. 
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Table 4:12 Components f o r the Calculation of Cross Underflow at 
Station Cutt 
Mean Hydraulic Gradient 
1 
Mean Valley Width 
m 
Mean Aquifer 
Thickness m 
K 
mday"^ 
Underflow 
m^day"^ 
0.03 302 15 1.106 601.22 
By s u b s t i t i o n i n t o the Darcy equation a gross value f o r underflow 
of 601 m^  day"^ (table 4:12) was derived. This r e s u l t s i n underflow 
quantities below the gauging s t a t i o n being on average some 5% of a 
given discharge i n the stre£un channel at any time. I n view of the 
varying i n f l u e n t and e f f l u e n t sections along the stream channel, the 
assumptions made i n order to determine p o t e n t i a l underflow by the 
Darcy equation are gross approximations only. 
Averaged hydraulic gradient values determined f o r the lower part 
of the catchment are considered not to be appropriate f o r the higher 
catchment l o c a t i o n , and consequently an estimate f o r underflow at 
Station 11 was not derived. Since no d e f i n i t i v e depths f o r thickness 
of the weathered horizons i n the Narrator Valley are cu r r e n t l y 
available, p a r t i c u l a r l y f o r higher areas I n the catchment, t h i s too 
would lead to large errors i n the determination of underflow volumes. 
As a consequence underflow values are not d e f i n i t i v e and may be orders 
of magnitude larger i n some sections of the vall e y and much smaller at 
upstream locations. 
A gross catchment balance was undertaken using the p r e c i p i t a t i o n 
and streamflow data f o r the four water years 1975-79, i n order to 
ascertain the p o t e n t i a l groundwater recharge to the Narrator Brook 
Catchment. A catchment balance was determined f o r both Station Cutt 
and Station 11 which again emphasised the hydrogeological differences 
between the higher and lower catchment regions. 
Tables 4:13 and 4:14 attempt to quantify the amount of r a i n f a l l 
i n f i l t r a t i n g to groundwater and feeding baseflow. The residue columns 
refer to the percentage of e f f e c t i v e r a i n f a l l l e f t over a f t e r the 
streamflow component has been subtracted. This value i s available 
w i t h i n the catchment to be u t i l i s e d f o r s o i l moisture d e f i c i t , under-
flow and recharge to the weathered aquifer i n addition to deeper 
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percolation to the granite bedrock via j o i n t and f i s s u r e systems. 
Column ERF refers to the e f f e c t i v e r a i n f a l l i n the catchment a f t e r 
evapotranspiration losses have been deducted. Column Qmm refers to 
the discharge at the I n d i v i d u a l stations expressed as millimeters over 
the catchment area. 
Table 4:13 Water Balance i n the Narrator Brook Catchment: St. Cutt 
Year ERF Qmm ERF 
% of Q 
le.mm le 
% of Q 
l e 
% of ERF 
Residue 
% of ERF 
Residue 
(mm) 
1975-76 1535 654 - 425 64.98 27.68 72.32 1110 
1976-77 1407 1720 81.8 1314 76.39 93.39 6.61 93 
1977-78 1303 1686 77.28 1258 74.61 95.52 4.48 58 
1978-79 1364 1660 81.16 1177 70.90 86.29 13.71 187 
3 Year 
Mean 
1358 1689 80.0 1250 73.96 92.0 8.00 113 
The higher residue figu r e for 1976 f o r both stations i n table 
4:13 and table 4:14 r e f l e c t s the fact that s i g n i f i c a n t r a i n f a l l only 
occurred i n the closing months of the water year 1975-76. Such large 
quantities of r a i n f a l l were experienced then, so any s o i l moisture 
d e f i c i t was quickly s a t i s f i e d , and as the growing season was nearing 
i t s end, l i t t l e moisture was required f o r vegetation demands, hence a 
large proportion was available f o r recharge. As 1975-76 was somewhat 
anomalous only the l a s t three water years data have been used to 
derive the average figures i l l u s t r a t e d i n tables 4:13 and 4:14. 
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Table 4:14 Water Balance i n the Narrator Brook Catchment: St. 11 
Year ERF Qmm ERF 
%ofQ 
le.mm le 
%ofQ 
le 
%of ERF 
Residue 
%of ERF 
Residue 
(mm) 
1975-76 1535 622 - 403 64.79 26.25 73.75 1132 
1976-77 1407 1638 85.89 1251 76.37 88.91 11.09 156 
1977-78 1303 1606 81.13 1198 74.59 91.94 8.06 105 
1978-79 1364 1581 86.27 1120 70.84 82.11 17.89 244 
3 Year 
Mean 
1358 1608.3 84.43 1189.67 73.93 87.65 12.34 168 
A comparison of tables 4:13 and 4:14 again i l l u s t r a t e s that the 
lower and upper reaches of the Narrator Brook Catchment behave i n 
quite d i f f e r e n t ways. This d i s t i n c t i o n i s r e i t e r a t e d i n both the 
analysis of streamflow to determine hydraulic c o n t i n u i t y and the flow 
duration curve analysis undertaken i n sections 4:3 and 4:4 
respectively. 
At Station 11 a greater average percentage (84.0%) of e f f e c t i v e 
r a i n f a l l contributes to stream discharge than at Station Cutt (80.0%) 
This i s l i a b l e to be caused by overland flow processes and d i r e c t 
r a i n f a l l onto larger expanses of wet areas. Shallow i n t e r f l o w i n the 
weathered areas and pipe flow i n the fractured granite may also 
contribute a larger percentage of the e f f e c t i v e r a i n f a l l r a p i d l y to 
the stream channel. At Station Cutt the p o t e n t i a l f o r overland flow 
processes are reduced and since i n f i l t r a t i o n appears to be greater the 
baseflow component i s a larger proportion of flow i n the lower 
catchment. These high percentages of e f f e c t i v e r a i n f a l l c o n t r i b u t i n g 
to stream discharge r e f l e c t s the f a c t that i n areas of weathered 
granite aquifers the condition of the surface horizons may detract 
from recharge reaching the deeper groundwater locations. 
The e f f e c t i v e I n f i l t r a t i o n appears to be less i n the higher 
regions of the catchment, which may be a d i r e c t r e s u l t of the more 
widespread development of ironpan horizons i n the s o i l . The weathered 
granite cover may be shallower, and because of ironpan and fragipan 
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horizons, less permeable than the lower catchment materials. The 
e f f i c i e n c y of the e f f e c t i v e I n f i l t r a t i o n i n the l o c a l i t y of Station 
Cutt may be grea t l y aided by the root systems of the forest areas. 
Trees f a c i l i t a t e water movement down towards groundwater by forming 
flow channels contiguous with the tree roots. Rough grazing lands 
higher up i n the catchment are subjected to i n t e r m i t t e n t burning, a 
practice which may improve the q u a l i t y of the pasture but can be 
detrimental with regards to p o t e n t i a l i n f i l t r a t i o n . The burning of 
peat areas a l t e r s the loose textured surface areas i n t o a substance 
which i s nearly amorphous and highly r e s i s t a n t to water movement 
through i t , (Conway and M i l l e r 1960). As a consequence t h i s w i l l 
f u r t h e r reduce groundwater recharge In some areas. 
The average residue at Station Cutt (113mm) i s less than at 
Station 11 (168mm). As a r e s u l t there i s a larger proportion of 
i n f i l t r a t i n g water to contribute to underflow and the feeding of 
fissure-systems at Station 11. Because e f f e c t i v e I n f i l t r a t i o n i n t o 
the weathered materials I s greater at Station Cutt and consequently 
forms a larger proportion of baseflow, less recharge i s available f o r 
deeper percolation and underflow components. 
On average e f f e c t i v e r a i n f a l l constitutes 82% of stream discharge 
i n the catchment. Baseflow represents 90% of the e f f e c t i v e r a i n f a l l , 
and 73% of stream discharge i n the channel i s from groundwater 
sources* A residue of some 10% of e f f e c t i v e r a i n f a l l i n a given year 
i s available for deeper groundwater recharge (which i s equivalent to 
557x10^ m^  year"^). Obviously these values vary from year to year 
dependent upon catchment antecedent conditions. The fact that on 
average 82% of e f f e c t i v e r a i n f a l l available f o r i n f i l t r a t i o n i n any 
given year, finds i t s way to becoming a component of streamflow, 
suggests a rapid o v e r a l l catchment throughput time. This i s 
corroborated by estimates of groundwater v e l o c i t i e s (2.5x10"** m sec"M 
and t r a v e l times (3 months) through selected flowpaths i n the Narrator 
Valley, as outlined i n Chapter 2. 
4:5 Conclusions 
From the foregoing presentation of streamflow c h a r a c t e r i s t i c s , i t 
has been shown conclusively that there i s a s i g n i f i c a n t groundwater 
component i n the Narrator Brook. I n f l u e n t and e f f l u e n t discharges i n 
the catchment account f o r the varia t i o n s i n flow volume 
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observed between the stream discharge measuring stations and the 
gauging s i t e s . I n addition underflow at the stations may approach an 
average value of some 5% of the discharge i n the channel at any point 
In time. These figures however, are te n t a t i v e due to the gross 
assumptions made i n t h e i r estimation. 
The s i g n i f i c a n c t o f groundwater discharge i n the Narrator Brook 
Catchment i s w e l l i l l u s t r a t e d by the hydrograph analysis, baseflow 
recession and flow duration curve techniques u t i l i s e d . Contributions 
to streamflow from groundwater sources constitutes on average 73% of 
t o t a l stream discharge. Baseflow recession i n the Narrator Brook, 
derived from four water years data, can be greater than 200 days i n 
length, showing substantial groundwater c o n t r i b u t i o n from the 
weathered granite aquifer. From a consideration of a gross water 
balance some 557x10^ m^  year"^ appears to be available i n an average 
year f o r recharge i n the Narrator Brook Catchment. Flow duration 
analysis also suggests from the low flow indices, that discharge 
varies l i t t l e i n d i c a t i n g a more or less constant source or sources 
over a water year i n the catchment.. 
Many of the stream hydrograph techniques frequently used i n the 
hydrologlc l i t e r a t u r e , tend to overlook the variable components of 
• 
discharge and t h e i r tendency to overlap each other i n volume and time. 
Techniques employed such as the Barnes (1939) method r e l y s o l e l y on 
a t t r i b u t i n g discharge at any point i n time to three d i s t i n c t 
components of the discharge hydrograph. This categoric d i s t i n c t i o n 
between i n d i v i d u a l stream components based on the shape of the 
discharge hydrograph i n the case of the Narrator Brook i s 
u n r e a l i s t i c . The Barnes (1939) technique i s used i n the Narrator 
Brook to broadly i s o l a t e surface discharge (channel p r e c i p i t a t i o n , 
overland flow) from subsurface (bank storage, i n t e r f l o w and 
groundwater flow) discharge, and no other d i s t i n c t i o n i n t o the 
cont r i b u t i o n of the various streamflow components i s undertaken. 
Separation of the hydrograph to determine baseflow, groundwater 
recession and flow duration analysis was carried out at both Station 
11 and Station Cutt. I t was considered, due to previous observations 
on streamflow i n the catchment, that t h i s two-fold analysis was 
warranted, and that the two sections of the catchment upstream from 
the gauging stations exhibited d i f f e r i n g c h a r a c t e r i s t i c s . This proved 
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to be the case and i s amply demonstrated by the groundwater recession, 
storage values, and vari a t i o n s I n I n f l u e n t and e f f l u e n t sections of 
the lower stream channel. The two quite d i f f e r e n t responses between 
the upstream and downstream sections of the v a l l e y are important 
features with respect to the assessment of the p o t e n t i a l of the 
weathered granite aquifer of the Narrator Brook Catchment. Such 
features have great hydrogeological s i g n i f i c a n c e , and may be a 
widespread occurrence i n other weathered granite areas. 
Igneous bedrocks are not usually considered to make s i g n i f i c a n t 
groundwater contributions to r i v e r flow, but i n the case of the 
Narrator Brook Catchment several features persist which enhance the 
water-bearing properties of a granite based catchment. Dartmoor I n 
general, and the Narrator Brook i n p a r t i c u l a r , have extensive deposits 
of weathered granite i n s l t u , o v e r l a i n by subsequent p e r l g l a c l a l 
deposits and r i v e r alluvium. These con^boe to provide small i s o l a t e d 
but l o c a l l y s i g n i f i c a n t aquifers and sustain stream discharge. 
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Chapter 5 
Groundwater Fluctuations I n the Narrator Brook Catchment 
5:1 Introduction 
This chapter considers groundwater l e v e l f l u c t u a t i o n s I n the 
Narrator Brook Catchment, t h e i r response to p r e c i p i t a t i o n Inputs» and 
t h e i r magnitude In r e l a t i o n to va r i a t i o n s I n hydrogeologlcal proper-
t i e s of the weathered material of the Narrator Valley* Groundwater 
fl u c t u a t i o n s observed during the research period are analysed with the 
aim of I d e n t i f y i n g and characterising the response of the Incoherent 
g r a n i t i c materials of the v a l l e y aquifer, to Inputs. S t a t i s t i c a l 
approaches are examined and t h e i r usefulness discussed I n an attempt 
to Isolate the most Important parameters Influencing water l e v e l move-
ments I n the Narrator Brook Valley, Groundwater contour maps are 
produced and contrlbutary parameters to the o v e r a l l groundwater 
balance, such as sprlngflow and s o i l moisture content are o u t l i n e d . 
5:1:2 Controls on Watertable Fluctuations 
The watertable Is the surface of a water body I n saturated rock 
which I s constantly adjusting I t s e l f towards an equilibrium condition. 
Few groundwater basins have uniform recharge conditions. As a r e s u l t 
of I n t e r m i t t e n t recharge, mounds and ridges form I n the watertable 
under areas of greatest recharge. Superimposed upon these conditions 
are v a r i a t i o n s I n the permeability of aquifer materials. The 
Influence of Impermeable s t r a t a , streams, wells and lakes I n a region 
r e s u l t I n variations I n the watertable elevation. In the case of the 
Narrator Brook Valley t e x t u r a l v a r i a t i o n s I n the weathered materials 
along w i t h Iron-pan development and the presence of discontinuous clay 
lenses a f f e c t both the rate of recharge and the magnitude of 
groundwater l e v e l f l u c t u a t i o n s . Several factors have a strong 
Influence on natural groundwater l e v e l s ; these are r a i n f a l l , evapo-
t r a n s p l r a t l o n , vegetative cover, s o i l type, depth to the watertable 
and aquifer properties ( P h i l l i p s 1978). 
5:1:3 Meteorological Factors 
The p o s i t i o n of the watertable I s dependent on the continued 
accretion to groundwater by recharge through a zone of I n t e r m i t t e n t 
saturation. Seasonal varia t i o n s i n p r e c i p i t a t i o n (modified by 
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evapotransplratlon processes) are transmitted through t h i s zone and 
give r i s e to seasonable watertable f l u c t u a t i o n s . I n many areas of the 
UK watertable fluctuations tend to follow a seasonal pattern with high 
water-levels occurring during the winter months and low le v e l s during 
the summer. This Is also evident from the water-levels observed i n 
the Narrator Brook Valley as ou t l i n e d i n Section 5:3:1. 
5:1:4 Topographic Factors 
A number of authors (Buchan 1966; Binnie and Partners 1971; 
Howcroft 1977) have noted that the watertable tends to be a subdued 
r e f l e c t i o n of surface topography. Assuming a s i m i l a r amount of 
i n f i l t r a t i o n from r a i n f a l l over both high and low ground, the 
va r i a t i o n s i n the amplitude of the watertable surface depends la r g e l y 
upon the texture of the material comprising the upper layers of the 
aquifer. In the case of a very open-textured rock, such as a coarse 
sandstone, groundwater w i l l move through at such a rate that i t Is 
able to rapidly f i n d I t s own l e v e l , and thus form a more or less 
horizontal surface. In close textured m a t e r i a l , or aquifers with 
varying ranges of permeability, groundwater movement w i l l be slower, 
so that water w i l l s t i l l be draining towards the v a l l e y bottom from 
beneath higher ground, when a d d i t i o n a l i n f i l t r a t i o n from subsequent 
p r e c i p i t a t i o n occurs. As a consequence the height of the watertable 
i s b u i l t up i n the higher areas of the catchment. This tendency i s 
magnified by the fact that p r e c i p i t a t i o n normally increases w i t h 
r e l i e f . 
The topographic location of a w e l l i n which water-level f l u c -
tuations are monitored Is then an important f a c t o r . I n a v a l l e y 
bottom the more rapid l a t e r a l movement of groundwater w i l l tend to 
f l a t t e n out the seasonal r i s e and f a l l of a watertable (Smith 1972). 
The e f f e c t s of micro-topography also r e s u l t i n a contrast between the 
movement of the watertable i n wells located I n the bottoms of depres-
sions, and those i n wells s i t e d at higher elevations. Ward (1963) 
during hydrological i n v e s t i g a t i o n of the Thames flood p l a i n , proposed 
that accumulation of surface and sub-surface runoff i n the depressions 
a f t e r heavy r a i n f a l l ensures a higher moisture content, and thereby 
promotes percolation of water towards the watertable. This s i t u a t i o n 
promotes the rapid response of the watertable to r a i n f a l l , but also 
means that a larger amount of water i s available f o r percolation i n 
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the depressions than i n higher areas. This appears to be the 
s i t u a t i o n i n the lower areas of the Narrator Brook Valley i n the 
v i c i n i t y of the stream channel; the shallow wells 3 and 4 maintain a 
more or less constant l e v e l throughout the year suggesting sustained 
i n f i l t r a t i o n i n comparison to topographically higher wells a l l of 
which e x h i b i t clear weekly and seasonal v a r i a t i o n s i n water-level 
amplitude (section 5:3). 
I n the lower regions of the catchment the continual presence of 
surface water ponded above more impermeable layers i s marked by marshy 
areas (as i l l u s t r a t e d i n Chapter 2 f i g u r e 2:18). This accumulation 
ensures a higher s o i l moisture content i n the s o i l layers which 
f a c i l i t a t e s percolation and maintains a constant but shallow water-
table elevation. 
5:1:4 Soil and I n f i l t r a t i o n Factors 
I n f i l t r a t i o n to groundwater occurs when the overlying s o i l Is at 
f i e l d capacity, as i s usually the case during winter months i n t h i s 
country. When evapotranspiratlon s t a r t s to exceed r a i n f a l l during the 
spring, a s o i l moisture d e f i c i t i s b u i l t up. As a rule any r a i n which 
f a l l s during summer months replenishes s o i l moisture and I s consumed 
by evapotranspiratlon requirements so percolation to groundwater 
e f f e c t i v e l y ceases. 
During the autumn., r a i n f a l l s t a r t s to exceed evapotranspiration 
and i n f i l t r a t i o n Increases. This i s an idealised case which, with the 
exception of drought years, r a r e l y occurs i n t h i s country. Some water 
may percolate through the s o i l towards the watertable even i f there i s 
a s o i l moisture d e f i c i t , as has been demonstrated by Coleman and 
Farrar (1966). Such water movement occurs through fissures i n the 
s o i l p r o f i l e , and once the fissure-surfaces become wetted, water 
movement i s f a c i l i t a t e d as f r i c t i o n a l forces are reduced, and subse-
quently e f f e c t i v e i n f i l t r a t i o n may occur before s o i l moisture d e f i c i t s 
are made up. The blocky structures of the Brown Earths/Brown Podsols 
i n the Narrator Brook Valley (Chapter 2) may be favourable locations 
fo r t h i s process. Bonell (1978) reported that wells i n t e r s e c t i n g 
clay, sand and gravel lenses i n the Holderness Catchment Humberside, 
responded prematurely to r a i n f a l l , w e l l before the calculated s o i l 
moisture d e f i c i t had been erased. This was a t t r i b u t e d to i n f i l t r a t i n g 
water by-passing areas of s o i l moisture d e f i c i t via cracks, or to 
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downward seepages of r a i n f a l l from a clay lens which e f f e c t i v e l y 
Increases the water-level height i n a w e l l . 
5:1:5 Hydrogeological Factors 
The t o t a l seasonal range of restwater levels i s determined 
p a r t i a l l y by the composition of the aq u i f e r , and by the topographic 
location of the w e l l . When watertables are at shallow depths then 
annual and long term f l u c t u a t i o n s are i n s i g n i f i c a n t . Conversely the 
amplitude Increases with increasing thickness of the unsaturated zone, 
(UNESCO 1975). 
Larger f l u c t u a t i o n s occur i n fine-grained material, than i n 
coarse-grained rock for an equivalent amount of percolation, (Smith 
1972). The size of the annual amplitude of groundwater le v e l s i n 
r e l a t i o n to l i t h o l o g l c a l controls can be i l l u s t r a t e d by comparing 
groundwater f l u c t u a t i o n s f o r four aquifers i n the UK during the water 
year 1971-1972, as tabulated i n table 5:1 (data collated from the 
Groundwater i n the UK Year 1971-72). 
Table 5:1 Annual Groundwater Level Fluctuations In Four Aquifers f o r 
the Water Year 1971-72 
Aquifer Region Range Annual Amplitude 
Chalk Narborough 
Norfolk 
14 - 28m 14m 
Chalk Dolton Holme, 
Humberside 
14 - 22m 8m 
Bunter 
(Breccia) 
St. Georges H i l l 
Crediton, Devon 
79 - 85m 6m 
Millstone 
Gri t 
Big Moor, 
Holmesfield 
250.5 - 251.5m Im 
In general, as can be seen from table 5:1 the f i n e r - t e x t u r e d 
chalks show the largest f l u c t u a t i o n s , and the more permeable g r i t s and 
Breccias show the smallest change. This assumes that i n chalk and 
simil a r materials 'piston-flow' or displacement flow predominates 
while intergranular flow occurs i n the sandstones and g r i t s . Regional 
variations i n the amplitude of water-levels I n the same geological 
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formation would suggest however that f i s s u r e - f l o w mechanisms may 
predominate i n these l i t h o l o g i e s as w e l l (Fox, Rushton 1976). 
I n the Narrator Brook Valley the wells i n clay areas show the 
largest f l u c t u a t i o n range, while those I n sandy deposits show a 
smaller water-level amplitude. This i s f u r t h e r discussed I n section 
5:3:2. 
5:1:6 Miscellaneous Factors 
Barometric Pressure 
Changes i n atmospheric pressure produce sizeable f l u c t u a t i o n s i n 
wells penetrating confined aquifers, and have l i t t l e e f f e c t on water-
table aquifers (neglecting entrapped a i r below the watertable), (Chow 
1964). Peck (1960) outlined a q u a n t i t a t i v e theory r e l a t i n g the 
posi t i o n of a watertable to atmospheric pressure, which suggests that 
when a i r i s entrapped i n water i n an aquifer the watertable height 
w i l l vary with atmospheric pressure. Peck (1960) predicted that the 
watertable w i l l f a l l when the external a i r pressure increases, and the 
maximum rate of change of watertable height with a i r pressure occurs 
when the watertable i s at the surface of the s o i l . 
Turk (1975), investigating shallow watertable movements i n the 
Bonneville Salt Flats, Utah, compared continuous hydrographs of w e l l 
f l u c t u a t i o n s with barometric pressure graphs, and deduced that temper-
ature changes reinforced by barometric pressure changes gave r i s e to 
diurnal watertable fluctuations of 1.5 to 6cm i n the Salt Fl a t s . 
According to Turk (1975), many of the small-scale fl u c t u a t i o n s of 
shallow watertables that have been documented i n the l i t e r a t u r e , eg. 
(Peck 1960, Headworth 1972), are responses to atmospheric pressure 
changes. These eff e c t s are most apparent I n finer-grained aquifer 
materials and probably are of very small magnitude i n sand or gravel 
aquifers which have a small c a p i l l a r y f r i n g e , and are probably smaller 
than t y p i c a l f i e l d measurements would detect (Turk 1975). 
Any day to day atmospheric pressure changes would require contin-
uous monitoring with a well-recorder to assess i t s e f f e c t s . I n the 
case of the Narrator Brook Catchment only weekly spot measurements of 
groundwater levels were taken and as such were deemed unsuitable to 
ascertain e f f e c t s of atmospheric pressure changes. For the purposes 
of t h i s present in v e s t i g a t i o n changes i n atmospheric pressure were 
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assumed to have minimal e f f e c t on the watertable f l u c t u a t i o n s i n the 
aquifer. 
Loading Effects 
Water-levels I n an aquifer may be affected by fl u c t u a t i o n s I n the 
le v e l of an adjacent surface water body, because of a loading e f f e c t , 
or because of hydraulic connection between the aquifer and surface 
water (Van Everdingen 1968). A load applied at the surface w i l l be 
transmitted p a r t l y to the water i n the aquifer. Thus a r i s e i n the 
stage of the surface water produces a r i s e i n head l e v e l , and a drop 
i n surface stage produces a drop i n head l e v e l . This e f f e c t has been 
taken i n t o consideration i n t h i s i n v e s t i g a t i o n since f l u c t u a t i o n s i n 
Burrator reservoir stage levels may be transmitted to nearby w e l l s , as 
i t i s assumed that the weathered materials are i n hydraulic c o n t i n u i t y 
with the water of the reservoir. 
5:1:7 Air Entrapment during Groundwater Recharge 
Some workers have observed an anomalously large r i s e i n water-
levels i n observation wells i n shallow unconfined aquifers during 
heavy rainstorms (Kruel and L i e f r i n l c k 1946). I t i s now recognised by 
many investigators that t h i s type of water-level f l u c t u a t i o n i s the 
results of a i r entrapment i n the unsaturated zone (Bianchi and Haskell 
1966, Klkkawa and Kawanlshi 1967, Bonell 1978). 
I f the r a i n f a l l i s s u f f i c i e n t l y intense, an inverted zone of 
saturation i s created at the ground surface, and the advancing wet 
fronts traps a i r between i t s e l f and the watertable. Air pressures i n 
th i s zone may bui l d up to values much greater than atmospheric. An 
increase i n entrapped a i r pressure leads to a r i s e i n water-levels i n 
an observation w e l l open to the atmosphere. This type of f l u c t u a t i o n 
bears no r e l a t i o n to groundwater recharge, but, because i t i s 
associated with r a i n f a l l events, can be eas i l y mistaken f o r recharge. 
The most diagnostic feature of t h i s entrapped a i r e f f e c t i s the 
magnitude of the r a t i o of water-level r i s e to r a i n f a l l depth. Godwin 
(1931) reported a range of values of 7:1 to 12:1, while Meyboom (1967) 
reported values as high as 20:1. The anomalous r i s e usually d i s s i -
pates w i t h i n a few hours, or at the most a few days, owing to the 
l a t e r a l escape of entrapped a i r to the atmosphere outside the area of 
surface saturation. 
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Ratios of water-level r i s e to r a i n f a l l depth f o r the Narrator 
Brook Valley were determined f o r 31st December 1979, a period of 
intense r a i n f a l l i n the Catchment. These are i l l u s t r a t e d i n table 
5:2. 
Table 5:2 Ratio of Water-level Rise: R a i n f a l l Depth 
Wells 1,2,7,12,13 3.05 : 1 
Wells 9.14,15 3.58 1 
Wells 3.4 0.32 1 
Wells 6,10,11 1.23 1 
The generally small magnitude of the responses suggest that changes i n 
the water-levels i n the Narrator Brook Valley may be a t t r i b u t e d to 
changes i n i n f i l t r a t i o n and storage, and are u n l i k e l y to be caused by 
a i r entrapment. 
5:1:8 Effect of the Unsaturated Zone or Watertable Fluctuations 
In some areas a lack of coincidence between water-levels and 
r a i n f a l l suggest that there i s a s i g n i f i c a n t time lag i n the rates at 
which d e f i c i t s are s a t i s f i e d before the water-level can r i s e . Such 
variations may be caused by the i n t e r a c t i o n of vegetatlonal, hydro-
geological and meteorological parameters. When the watertable i s only 
a few meters below the land surface, and where the unsaturated zone i s 
moderately permeable, only a few days are required f o r water to reach 
the watertable. For watertables Im below ground l e v e l i n sand and 
gravel deposits i n the Thames Flood P l a i n , Ward (1962) quoted percola-
t i o n rates from 24 hours to 2 days. 
Bonell (1978) noted that i n observation wells i n a boulder clay 
catchment, the lag time was a function of watertable depth. The 
greater the depth of the watertable below the ground surface the 
longer the time lag between water-level f l u c t u a t i o n s and r a i n f a l l 
input response. Where the depth to the watertable Is great (15-30m), 
Heath and Trainer (1968) suggested that several months to a year or 
more may be required for a l l the water to reach the watertable. In 
chalk and limestone aquifers f i s s u r e flow gives r i s e to rapid 
recharge, and hence large plezometrlc head v a r i a t i o n s which can be i n 
excess of 10m over 6 months of a water year (Fox and Rushton 1976). 
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Atkinson and Smith (1974) noted that groundwater flow through fissures 
and swallow holes i n the chalk of South Hampshire, can be i n excess of 
2 km per day. 
As p r e c i p i t a t i o n i s discontinuous, i n f i l t r a t i o n of water at the 
land's surface i s also discontinuous. P r e c i p i t a t i o n inputs may be 
visualised as occurring i n 'slugs' which are I r r e g u l a r . Water i n such 
slugs follow diverse paths through the unsaturated zone. I n areas 
where the depth to the watertable I s r e l a t i v e l y the same throughout 
the catchment area, and by inference the aquifer i s i s o t r o p i c , the 
flow paths from the land's surface to the watertable are a l l about the 
same length. I n such areas water which l e f t the land surface as a 
slug arrives at the watertable as a slug, although probably somewhat 
attentuated. A more complicated s i t u a t i o n e x i s t s i n areas where the 
aquifer i s anisotropic and the depth to the watertable I s consequently 
highly variable w i t h i n short distances. A new slug of i n f i l t r a t i n g 
water may reach the watertable i n the vall e y area before the preceding 
slug reached the deeper watertable under the h i l l s i d e . This portrayal 
takes no account of v e r t i c a l or areal v a r i a t i o n s i n permeability, nor 
considers l a t e r a l - f l o w conditions but may account f o r lag times 
recorded i n some observations wells i n catchments possessing a v a r i e t y 
of geologic materials. This model has been u t i l i s e d i n t h i s 
investigations along with chemical v a r i a t i o n s i n the groundwaters with 
some success, as outlined i n Chapter 7. 
5:2 Contributary Factors to the Groundwater Regime i n the Narrator 
Brook Catchment 
General s o l i moisture conditions i n the Narrator Brook Catchment, 
are considered to have an e f f e c t on the rate of recharge to the water-
table. In view of t h i s , s o i l moisture content, as measured i n the 
Narrator Brook Valley, merits f u r t h e r a t t e n t i o n . Saturation upwards 
from an iron-pan or a r e l a t i v e l y impermeable t e x t u r a l horizon i n the 
s o i l and weathered granite matrix, may give r i s e to seeps or springs 
i n the Narrator Brook Catchment which on aggregate contribute to the 
groundwater flow regime i n weathered granite areas. 
5:2:1 Soil Moisture Conditions 
Soil water conditions exert a strong influence on the acceptance 
of ra i n f o r i n f i l t r a t i o n . A watertable at shallow depth reduces the 
so i l s a b i l i t y to accept heavy r a i n simply because the storage space 
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above the watertable i s r e s t r i c t e d . Percolating water i n such an 
instance has a short pathway to a saturated horizon, and consequently 
surface runoff i s rapid i n these regions (Thomasson 1978). 
With a greater depth to the watertable the pathway to the 
unsaturated zone i s greater, and v e r t i c a l movement of s o i l water i s 
l i k e l y to predominate. However, the physical properties of the s o i l 
are important controls on moisture movement at a s i t e , (Whipkey & 
Kirkby 1978). I f the texture i s coarse, with a predominance of sand 
and stones, v e r t i c a l flow predominates and when the s o i l i s deep, sub-
surface flow response may be delayed. I f the texture i s f i n e , 
resistance to v e r t i c a l flow results and l a t e r a l or shallow sub-surface 
flows sometimes occurs quickly. 
The s o i l moisture content of the two sites as measured i n the 
Narrator Valley throughout a 14 months monitoring period are 
characterised by marked shallow-surface changes on a week to week 
basis ( f i g u r e 5:1 and 5:2). The marked v a r i a t i o n i n the surface 
layers of the s o i l at Site 1 and Site 9 are dependent upon antecedent 
p r e c i p i t a t i o n conditions. This weekly e f f e c t tends to be counteracted 
at depth by an Increment to the s o i l moisture d e f i c i t from fo l l o w i n g 
r a i n f a l l periods. 
Below a depth of 50cm, the range i n f l u c t u a t i o n of s o i l moisture 
content down the p r o f i l e s at both site s i s noticeably less. This may 
r e f l e c t s i m i l a r i t i e s i n the structure and d i s p o s i t i o n of varying 
t e x t u r a l horizons down the p r o f i l e at both s i t e s , and as a consequence 
the moisture content becomes constant with depth. At Site 1, as 
further i l l u s t r a t e d by the two t y p i c a l s o i l moisture p r o f i l e s w i t h 
depth at Site 1 and Site 9 ( f i g u r e 5:3), the p r o f i l e shows a drop to a 
more or less constant l e v e l , of 20-30%, at depths greater than 50cm 
below the surface. This i s apparent even during the d r i e r months 
ind i c a t i n g l i t t l e o v e r a l l change i n the moisture content with the s o i l 
p r o f i l e at Site 1 over long-term i n t e r v a l s . 
At Site 9 however, greater v a r i a t i o n w i t h i n the s o i l moisture 
p r o f i l e determined on a weekly basis was apparent. This i s i l l u s -
trated i n figure 5:2. Figure 5:3 depicts the moisture p r o f i l e to 
depths of llOcms and 90cms. The primary controls on such v a r i a b i l i t y 
are thought to be related to the position on the slope; the s o i l type 
and the s o i l aspect. Newson (1976), discussing the Plynllmon 
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FIGURE 5:1 SOIL MOISTURE VARIATIONS WITH DEPTH 
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FIGURE 5 3 Typical Soil Moisture Profiles in the Narrator Brook as 
Determined by the Gravimetric Method 
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Catchment i n Wales, mentioned that there i s l i t t l e c o r r e l a t i o n between 
slope po s i t i o n and the range i n s o i l moisture changes, but that the 
effe c t s of mlcrotopography and s o i l v a r i a b i l i t y grossly exceed larger 
scale systematic e f f e c t s . 
The s o i l at Site 9 had a cover of organic material which i s 
thought to be capable of absorbing a large proportion of incoming 
p r e c i p i t a t i o n , and to release t h i s slowly to the underlying s o i l 
layers.with time. I f the hydraulic properties of the s o i l p r o f i l e at 
Site 9 were uniform, t h i s would r e s u l t i n a more even d i s t r i b u t i o n of 
s o i l moisture down the p r o f i l e . From figure 5:3, the non-uniform 
conditions i n the s o i l p r o f i l e at Site 9 are r e a d i l y apparent. 
Averaged s o i l moisture values over the two sets of p r o f i l e s f o r Site 1 
and Site 9, show that Site 9 tends to r e t a i n moisture longer I n the 
p r o f i l e than at Site 1, suggesting that Site 1 has more uniform s o i l 
properties. 
Whilst s o i l moisture determinations indicate the moisture 
contents of a s o i l at a p a r t i c u l a r location f o r a given time, they do 
not provide c o n t i n u i t y of measurement with regards to determining 
moisture movement through a s o i l p r o f i l e . Tenslometer measurements 
indicate moisture tension gradients i n the s o i l and hence the 
d i r e c t i o n of water movement. Water i n unsaturated zones i s held i n 
the soil-pores under surface tension forces or ' s o i l - s u c t i o n ' . This 
suction characterises the action of water ret e n t i o n by s o i l and 
r e g o l i t h materials (Richards 1965). Hydraulic head measurements above 
a watertable are obtainable through the use of tensiometers which 
measure the pressure head i n a s o i l at a s p e c i f i c depth. The choice 
of the s o i l suface as a zero reference i n e f f e c t makes a l l hydraulic 
head readings on a tenslometer negative, and consequently the 
d i r e c t i o n of moisture movement i s from smaller to larger absolute 
numbers, (Richard et a l . 1973). The three months data from 
tenslometer readings i n the Narrator Brook Catchment show that s o i l 
moisture movement fo r the most part i s down towards the watertable. 
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At Site 10, where four tenslometers were located i n a 'nest', 
tenslometer readings during the three months showed a downward 
movement of water from the surface towards the tensiometer cup at a 
depth of 45cm, but an upward movement from 60cm to 45cm. Water 
movement was downwards from 60cm - 105cm, at the deepest part of the 
'nest'. This v a r i a t i o n can be acounted f o r by the d i s t r i b u t i o n of 
clay and sand constituents i n t h i s region, and i t Is l i k e l y that the 
e n t i r e s o i l p r o f i l e i n the Narrator Valley shows a heterogeneity akin 
to the underlying weathered granite materials i n the aquifer. 
5:2:2 Spring Discharge 
Springs and seeps are amongst the hydrogeological features that 
may aid i n evaluating the groundwater p o t e n t i a l of c e r t a i n areas. A 
few large springs may Indicate a t h i c k transmlsslve aquifer, whereas 
frequent small springs tend to indicate t h i n aquifers of low trans-
m l s s i v l t y (Bouwer 1978). The p r i n c i p a l variables which determine 
sprlngflow are aquifer permeability, contributary recharge area, and 
the quantity of recharge. Many aquifers have considerable discharge 
i n the form of springs, but the permeability of some aquifers with 
depth i s so low that water i s forced to the surface over a large area 
(Davis and De Welst 1966). The development of resources i n such areas 
would be inappropriate since the p o t e n t i a l f o r deep groundwater 
supplies are r e s t r i c t e d by the low permeability of the formations w i t h 
depth. 
In fractured g r a n i t i c rocks, fissures can f i l l w i t h rainwater 
which then flows through the same fi s s u r e system to form spring 
developments at lower topographic locations. Saturation upwards from 
an iron-pan or r e l a t i v e l y impermeable t e x t u r a l horizon, may give r i s e 
to small perched waterbodies i n the s o i l and weathered granite 
horizons i n the Narrator Brook Catchment. The flow rate from springs 
depends on the size of t h e i r recharge area, the amount of r a i n f a l l and 
the transmlssivlty of materials i n the neighbourhood. Springs which 
only flow during and immediately a f t e r r a i n f a l l events have been 
observed i n the groundwater observation network area during the 
research period. This type of Issue i s ephemeral i n nature (as 
defined i n Chapter 4 ) , and the duration of flow l a from a few hours up 
to four days. The p o s i t i o n i n the groundwater observation network of 
these ephemeral issues are i l l u s t r a t e d i n f i g u r e 2:17 Chapter 2. 
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Perennial springs which discharge throughout the year usually 
drain extensive permeable zones, whereas i n t e r m i t t e n t issues discharge 
only during portions of the year when s u f f i c i e n t groundwater i s 
recharged to the malnflow zones. The headwaters of the Narrator Brook 
I s a perennial spring and parts of the Sheepstor Beck are fed by 
Int e r m i t t e n t springs as previously outlined i n Chapter 4. 
The chemical parameters of two smaller perennial springs i n the 
Narrator Valley groundwater observation network area, were measured 
weekly during t h i s i n v e s t i g a t i o n , but only the flow of one of these 
springs (Spring 12/13) was monitored by a 'V* notch. The analysis of 
t h i s springflow forms the basis of t h i s discussion, although i t must 
be pointed out that t h i s spring i s one of at least 30 springs i n the 
Narrator Brook Catchment. Ternan and Williams (1979) noted the 
presence of 23 springs i n the Narrator Brook Valley, and seven are 
recorded at the downstream end of the catchment (by the author i n 
Chapter 2 figure 2:17). 
Most springs show measurable f l u c t u a t i o n s of discharge i n 
response to seasonal fl u c t u a t i o n s i n p r e c i p i t a t i o n . The measured 
spring discharge of Spring 12/13 i n the Narrator Valley i s no 
exception. Correlation of springflow discharge with r a i n f a l l measured 
two weeks p r i o r to the discharge measurement, produced a c o r r e l a t i o n 
c o e f f i c i e n t of 0.A66, s i g n i f i c a n t at the 0.01 l e v e l . This suggests 
that Spring 12/13 has a two-week response period. 
Discharge In springs during periods of no or l i t t l e recharge can 
be expressed by an equation given by Brown et a l . (1975). A laminar 
flow i s assumed: 
^ e - at Qt = Qo 
where Qt = discharge at time t 
Qo = discharge at time o 
a = recession constant obtained by p l o t t i n g Q vs t on semi-
log paper as shown i n f i g u r e 5:4. 
From the above equation: 
log Qo - log Qt ^ ^ 
0.4343 t 
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FIGURE 5:4 Recession Constant 
for Spring 12/13 
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For Spring 12/13, inspection of the discharge and r a i n f a l l data 
allowed the choice of a r e l a t i v e l y dry period i n July and August 1979. 
The observed discharge was plotted against time to derive the 
recession constant a ^ 0.020, as i l l u s t r a t e d i n f i g u r e 5:4. A 
regression analysis was carried out to f i t the l i n e to the data plot 
more accurately giving an r^ ( c o e f f i c i e n t of determination) value of 
0.78. By converting t h i s r a t i o to a percentage, i t can be said that 
78% of the variance of the dependent va r i a b l e , spring discharge, i s 
accounted f o r by the regression. However due to the small amount of 
data pairs available for t h i s analysis the regression i s not 
s t a t i s t i c a l l y s i g n i f i c a n t . 
Strongly fractured limestones often show a values i n the range of 
0.0025-0.05, while sandstones w i t h minor fractures gives values of 
0.001-0.0024, (Englund and Meyer 1980). With a f o r the spring i n the 
Narrator Valley the time needed for reducing the recharge rate 
Qo = 0.99 1 sec~^ to an a r b i t r a r y value of 0.1 1 sec^^ can be obtained 
by s u b s t i t u t i o n i n t o equation (1) above. This method as outlined by 
Englund and Meyer (1980), gives a time of 102 days (14i weeks) during 
which t h i s spring w i l l flow without recharge, and discharge w i l l 
recede to 0.1 1 sec"^. 
This l i m i t e d analysis gives a general idea as to the constancy of 
the spring's groundwater resources on the south side of the Narrator 
Brook Valley. Spring 12/13 Issues from an old mine a d i t whose sub-
surface extent i s unknown, and i n addition I t may w e l l be fed from 
sources i n the fractured granite bedrock at depth. Water stored i n 
the weathered granite area of the catchment i n the v i c i n i t y of Spring 
12/13, i n association with that draining mine workings and c o n t r i -
butions via fractured g r a n i t e , may be responsible f o r the v a r i a b i l i t y 
seen i n the springflow discharges at t h i s l o c a t i o n . I f the ground-
water feeding Spring 12/13 i s so l e l y from the weathered granite 
aquifer i n the near v i c i n i t y , the length of recession indicates a 
considerable stored volume of water held i n the aquifer at t h i s 
l o c a t i o n . 
Discharge from Spring 12/13 may be visualised as a constant slow 
draining of varying thicknesses of weathered materials on the south 
side of the v a l l e y , whose flow i s supplemented i n high r a i n f a l l 
periods as a response to recharge from neighbouring parts of the 
217 -
granite catchment. The rapid responses of sprlngflow to r a i n f a l l 
input, w i t h i n two weeks, i s w i t h i n the 1-4 weeks response time of 
water-levels i n the observation wells i n the catchment as outlined i n 
section 5:4. 
This analysis of springflow v a r i a t i o n s i n response to r a i n f a l l 
inputs i n the Narrator Valley, provides an i n d i c a t i o n of the s t a b i l i t y 
of groundwater resources i n t h i s southern part of the v a l l e y aquifer. 
However, conclusions concerning springflow volumes and v a r i a t i o n s i n 
discharge i n the Narrator Brook Valley, must be r e s t r i c t e d by v i r t u e 
of the l i m i t e d amount of data collected. The c h a r a c t e r i s t i c s of 
Spring 12/13 are not thought to be representative of a l l the springs 
of perennial, i n t e r m i t t e n t and emphemeral natures, present In the 
Narrator Brook Catchment, but they do i l l u s t r a t e the importance of 
groundwater contributions to the drainage system i n weathered granite 
areas. 
5:3 Analysis of Groundwater Data; Graphical Techniques 
5:3:1 Well Hydrographs 
Water-level f l u c t u a t i o n data f o r the observation wells obtained 
during the research period are presented as w e l l hydrographs i n 
figures 5:5a - 5:5c. Generally the f l u c t u a t i o n s f o l l o w a rhythmic 
seasonal pattern with high water-levels occurring during the winter 
months and lower levels during the summer. An exception to t h i s 
general pattern i s apparent f o r August 1979 when a peak i n water-
levels occurred due to heavy r a i n f a l l . This pattern i s also exhibited 
by water-level f l u c t u a t i o n s i n the Bunter sandstone aquifer of East 
Devon f o r the same time period. 
Table 5:3 tabulates the highest and lowest waterlevels recorded 
at each s i t e . 
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Table 5:3 Extremes i n Water-level Data I n the Narrator Brook 
Well Highest 
Water Level 
Date Lowest 
Water Level 
Date Range (m) 
1 
2 
3 
4 
6 
7 
9 
10 
11 
12 
13 
14 
15 
10.02 
4.19 
+0.03 
0.11 
0.26 
3.59 
0.77 
2.31 
+0.05 
0.65 
4.29 
3.59 
1.72 
31.12.79 
31.12.79 
31.12.79 
19. 3.79 
17.12.79 
31.12.79 
31.12.79 
31.12.79 
31.12.79 
31.12.79 
18. 2.80 
31.12.80 
31.12.80 
12.90 
6.81 
0.31 
0.37 
1.01 
6.46 
4.81 
3.58 
0.96 
3.67 
6.18 
7.39 
7.09 
6. 8.79 
7. 8.69 
22.10.77 
22.10.77 
24. 7.79 
13. 8.79 
7. 8.79 
6. 8.79 
7. 8.79 
13. 8.79 
7. 8.79 
17. 8.79 
13. 8.79 
2.88 
2.62 
0.34 
0.26 
0.75 
2.87 
4.04 
1.27 
0.91 
3.02 
1.89 
3.80 
5.37 
The dates of observation of the highest water-levels correspond to the 
winter months when r a i n f a l l and hence recharge are expected to be 
higher In the absence of s o i l moisture d e f i c i t and high evapo-
tr a n s p i r a t i o n rates. In contrast the lowest water-levels are recorded 
towards the end of the water year when evapotransplration rates are 
higher due to the growing season, and recharge rates are lower or 
absent. This f u r t h e r demonstrates that groundwater behaves I n 
accordance to seasonal trends of inputs and d e f i c i t s I n the 
catchment. 
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Groundwater Level Fluctuations 1978-1980 
The wells i n the observation network may be divided i n t o groups 
based on a v i s u a l assessment of the v a r i a t i o n i n amplitude of the w e l l 
hydrographs, and these are as follows: 
Group A 3,A,6,11 
Group B 1.2.7.10.12.13 
Group C 9.14.15 
Group A i s composed of wells with very l i t t l e annual v a r i a t i o n ; Group 
B with intermediate amplitude; and Group C those wells with a large 
range i n watertable f l u c t u a t i o n s . This preliminary grouping can be 
at t r i b u t e d to topographic locations, those of Group A i n the v a l l e y 
bottom. Group B i n middle to upper slope positions and Group C wells 
i n the higher reaches of the groundwater study area* This 
d i s t r i b u t i o n i s i l l u s t r a t e d i n figure 5:8 section 5:3:2, and other 
group features are described i n t h i s section. 
5:3:2 Groundwater Contour Maps 
The groundwater contour maps of the southwest portion of the 
Narrator Valley are based on information collected during July 1979 
( f i g u r e 5:6) and December 1979 ( f i g u r e 5:7). These are representative 
periods i l l u s t r a t i n g the d r i e s t month ( J u l y ) and the wettest month 
(December). Although the watertable r i s e s and f a l l s seasonally as 
i l l u s t r a t e d by the hydrographs i n figures 5:5a - 5:5c, the groundwater 
contours preserve t h e i r general form throughout the year as indicated 
i n figures 5:6 and 5:7. 
Figure 5:6 and fi g u r e 5:7 were superimposed, and the waterlevel 
changes at the contour intersections were transferred onto a t h i r d 
map. figure 5:8, on which l i n e s of equal water-level change were drawn 
i n . Figure 5:8 i l l u s t r a t e s features regarding the aquifer responses 
which are d i f f i c u l t to detect from a comparison of successive water-
l e v e l maps. Two zones of very low change are apparent; (1) the area 
around the reservoir and (11) areas on the higher v a l l e y sides. An 
intermediate b e l t at the mid-slope p o s i t i o n i n the v i c i n i t y of wells 
9, 14 and 15 show the most marked f l u c t u a t i o n s of up to 5m. 
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As groundwater moves downslope towards the reservoir the Input i s 
more or less constant and as a r e s u l t levels do not vary g r e a t l y from 
0-lm. Hydraulic c o n t i n u i t y i s assumed between the reservoir and the 
weathered materials and variations i n the reservoir l e v e l may moderate 
the range of f l u c t u a t i o n s experienced i n nearby wells. Contributions 
from springs and seeps to the north of the reservoir which drain 
southwards towards the reservoir basin, may also have a moderating 
influence by evenly d i s t r i b u t i n g recharge to the lower v a l l e y area and 
hence diminish the range of water-level f l u c t u a t i o n s experienced. 
Groundwater movement downslope from the higher areas of the 
catchment may feed the system i n discrete u n i t s which bypass wells at 
higher topographic locations, to coalesce towards the middle and base 
of slopes* This i s indicated by the larger v a r i a t i o n s In the water-
l e v e l change map at Sites 9, 12, 14 and 15. Drainage towards the 
reservoir and i n a l a t e r a l d i r e c t i o n p a r a l l e l to the Narrator Brook 
may be Inferred from the trough i n the water-level change map ( f i g u r e 
5:8). Spring 12/13 near Site 12 reaches the surface i n t h i s trough 
area, and discharges i n t h i s d i r e c t i o n too. This region of greatest 
water-level change i s In the l o c a l i t y where observation wells 
penetrate notable clay lenses, which are regarded as the chief 
influences determining the route and d i r e c t i o n of drainage downslope. 
In general, fine-grained clay materials give r i s e to larger amplitudes 
I n groundwater l e v e l s , wells 9, 14 and 15, whereas coarser materials 
around the well screens, as i n the case of wells 2, 3, 4, 6 and 10, 
results i n smaller amplitude v a r i a t i o n s . 
The fact that the change i n groundwater contour levels do not 
vary greatly on the higher slopes may also indicate that recharge i s 
f a i r l y constant, or that the higher hydraulic conductivity of the 
aquifer material allows more rapid d i s s i p a t i o n of recharge volumes. 
Over the majority of the rest of the topographically lower groundwater 
observation network i n the Narrator Brook Valley, f l u c t u a t i o n s are 
between 0-3m annually. 
Based on the change i n water-level map f i g u r e 5:8 the wells can 
be assigned to the following three groups: 
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Group Wells Range of Water-level Change (m) 
a 3,4,6,11 < 1 
b 1,2,7,10,12,13 l-<3 
c 9,14,15 3-5 
These groups correspond exactly with the previous d i v i s i o n based on a 
visual assessment of well hydrographs. These v a r i a t i o n s i n the annual 
watertable amplitude i n the Narrator Brook Valley, r e f l e c t a feature 
which Uhl et^ al^. (1979) had observed i n weathered granite aquifer, i n 
the Satpura H i l l s , India. Here, watertable depths had an annual 
range of generally less than l-15m and water-level f l u c t u a t i o n s were 
found to be more pronounced i n groundwater recharge areas (6-15m) than 
i n groundwater discharge areas (0-3m). By comparison with the work of 
U h l ^ e t ^ . (1979), the higher regions of the Narrator Brook Catchment 
are recharge areas for the v a l l e y aquifer. 
5:4 Analysis of Groundwater Data; S t a t i s t i c a l Techniques 
5:4:1 Standard Deviation of Water-level Fluctuations 
The main features of contrast between the water-levels i n the 
observation wells i n the Narrator Brook Catchment appear to be i n the 
magnitude of response of the watertable to r a i n f a l l events. Based on 
these observations a simple but more q u a n t i t a t i v e analysis of the 
watertable f l u c t u a t i o n s was carried out, u t i l i s i n g the standard 
deviation of the water-levels measured at each s i t e over the research 
period. 
The d i s t r i b u t i o n of the standard deviation of water-levels over 
the catchment area i s i l l u s t r a t e d i n f i g u r e 5:9. Smallest values of 
standard deviation, i n d i c a t i n g l i t t l e v a r i a b i l i t y i n water-level f l u c -
tuations, are present i n the v a l l e y bottom along the r i v e r channels 
and around the reservoir. Values of the standard deviation of water-
levels increase progressively upslope. There i s also a mid-slope zone 
of rapid change i n the standard deviation of water-levels. The 
presence of larger v a r i a t i o n s i n water-levels at higher elevations i s 
contrary to the conclusions drawn In section 5:3 where the change i n 
water-level maps suggested l i t t l e v a r i a t i o n i n water-level 
f l u c t u a t i o n s . This may be explained by taking i n t o account the data 
u t i l i s e d i n the two methods; the change i n waterlevel v a r i a t i o n s i s 
measured by the difference between extreme conditions; while the 
d i s t r i b u t i o n at the standard deviations of water-levels takes Into 
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account a l l the data collected. On t h i s basis the change i n water-
l e v e l map, although i t provides a means of comparison between two 
extreme events» i s not t r u l y representative of a l l the water-level 
f l u c t u a t i o n s experienced. In view of t h i s the standard deviation 
technique i s a more useful form of analysis. 
The v a r i a t i o n s i n water-levels i n the observation wells may be 
interpreted as being the r e s u l t of v e r t i c a l and l a t e r a l movement of 
water towards the watertable through materials of varying hydraulic 
properties i n the v a l l e y . Such features have been documented i n the 
hydrogeological l i t e r a t u r e . Sloan (1970), w h i l s t undertaking 
investigations i n t o water-level f l u c t u a t i o n s i n Praire Potholes, and 
those water-level movements I n nearby observation w e l l s , noted 
features i n the g l a c i a l outwash materials, which are relevant i n the 
context of the Narrator Brook Valley. Water-levels i n the potholes 
and those i n nearby observation wells were often d i f f e r e n t by greater 
than 0.30m. Such differences are c h a r a c t e r i s t i c of g l a c i a l t i l l and 
r e s u l t from low permeability t i l l material and the large hydraulic 
gradient necessary to move groundwater through i t . 
Many of the test holes d r i l l e d i n t o poorly permeable g l a c i a l t i l l 
appeared to be dry, and the holes did not f i l l up quickly due to the 
comparatively slow release of water-from the m a t e r i a l , (Sloan 1970). 
This was noted i n the Narrator Valley during the d r i l l i n g of Well 12 
and Well 14. Well 14 remained 'dry' u n t i l a f t e r the w e l l completion 
procedures were f i n i s h e d , i n contrast to Well 12 where the watertable 
was intersected during the d r i l l i n g process. Sloan (1970), noted that 
water-levels i n closely spaced wells d i f f e r e d p a r t i c u l a r l y i f the 
wells were cased to d i f f e r e n t depths. The cased wells acted as 
piezometers, such that water-levels represent the f l u i d pressure at 
the bottom or screened part of the w e l l . According to Sloan (1970) 
large v e r t i c a l f l u i d pressures are common i n g l a c i a l t i l l because of 
i t s low permeability, and I f such water-levels are misinterpreted as 
points on the watertable, there would seem to be a series of perched 
watertables. 
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In the case of the Narrator Brook Valley aquifer the borehole 
logs (Chapter 3) show a series of clay materials w i t h intervening 
zones of higher permeability between the clay layers. The v e r t i c a l 
and l a t e r a l d i s c o n t i n u i t y of these clay layers r e s u l t i n 'perched' 
watertables at d i f f e r e n t elevations. The observation wells Intersect 
a number of these clay layers and t h e i r associated 'perched' water-
tables. The v a r i a t i o n i n water-level f l u c t u a t i o n s i n the Narrator 
Brook Catchment may therefore be a t t r i b u t e d to the d i f f e r i n g hydraulic 
properties, and hence response to input, of materials i n the neigh-
bourhood of the wells. 
5:4:2 Bivariate Analysis 
The well hydrographs of the Narrator Valley are i l l u s t r a t e d i n 
figu r e s 5:5a - 5:5c and are summarised along with t o t a l r a i n f a l l 
values over the observation period i n f i g u r e 5:10. The water-level 
change through time represents a time series In which three components 
are present:-
( i ) the o v e r a l l long-term trend (secular trend) 
(11) periodic f l u c t u a t i o n s of a rhythmic nature associated w i t h 
d a i l y or seasonal varia t i o n s 
( i l l ) i r r e g u l a r or random v a r i a t i o n s 
A way of reducing the i r r e g u l a r f l u c t u a t i o n s , and thereby h i g h l i g h t i n g 
those that are regular, i s by the use of moving averages or running 
means (Hammond and McCullagh 1978). A simple moving average smoothing 
method, Davis (1973), has been used for Narrator Valley water-level 
data, using three weeks as the smoothing i n t e r v a l . The r e s u l t a n t 
hydrographs are I l l u s t r a t e d i n f i g u r e 5:10. 
By graphical Inspection of the well hydrographs i n association 
with t o t a l r a i n f a l l recorded, ( f i g u r e 5:10), i t can be seen that on 
average an increase i n r a i n f a l l i s marked by a r i s e i n the watertable 
lagged from between one and four weeks over the catchment. This time 
lag i s l i k e l y to be influenced by antecedent conditions. As an 
approach to an assessment of groundwater recharge i n the Narrator 
Brook Valley aquifer the degree of r e l a t i o n s h i p between three pairs of 
variables was determined using a Pearson product-moment c o r r e l a t i o n 
technique. Groundwater levels were correlated w i t h both the e f f e c t i v e 
r a i n f a l l i n the preceding seven days and s o i l moisture d e f i c i t . 
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FIGURE 5 : 1 0 Smoothed Well-Hydrographs and 
Rainfall Values in the Narrator 
Brook, 1978-1980 
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The Pearson product-moment c o r r e l a t i o n technique i s the most 
powerful test of c o r r e l a t i o n , (Hammond and McCullagh 1978). I t I s a 
parametric measure of the re l a t i o n s h i p between a pair of variables, 
which assumes that they both have normally d i s t r i b u t e d populations and 
are measured on the I n t e r v a l scale. The parameters correlated i n t h i s 
i n v e s t i g a t i o n meet both these c r i t e r i a , and the use of t h i s more 
rigorous s t a t i s t i c i s appropriate. Correlation c o e f f i c i e n t s obtained 
using the Pearson product-moment c o r r e l a t i o n c o e f f i c i e n t are l i s t e d i n 
table 5:4. 
Table 5:4 Correlation Coefficients for Preceding 7 Days R a i n f a l l vs 
Water-level, and Soil Moisture D e f i c i t with Water-level i n the 
Narrator Brook Catchment 
Well 
Water-level 
vs R a i n f a l l 
Significance 
Level 
S o i l Moisture D e f i c i t 
vs Water-level 
Significance 
Level 
1 0.45 0.05 0.37 0.05 
2 0.54 0.05 0.32 0.01 
- 3 0.55. . ,0.05. . 0.44. . . . 0.05 
4 0.14 Not Sign 0.10 Not Sign 
6 0.04 Not Sign 0.55 0.05 
7 0.30 0.01 0.14 Not Sign 
9 0.35 0.05 0.36 0.05 
10 0.36 0.05 0.36 0.05 
11 0.57 0.05 0.48 0.05 
12 0.36 0.05 0.33 0.01 
13 0.22 Not Sign 0.28 0.01 
14 0.33 0.05 0.20 Not Sign 
15 0.39 0.05 0.33 0.05 
With the exception of wells 4, 6 and 13 a l l wells showed a 
s i g n i f i c a n t c o r r e l a t i o n e i t h e r at the 0.05 l e v e l or the 0.01 l e v e l 
between groundwater levels and and the seven day antecedent r a i n f a l l 
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( t a b l e 5:4). Simi l a r l y with the exception of wells 4, 7 and 14 a l l 
wells showed a s i g n i f i c a n t c o r r e l a t i o n at e i t h e r the 0.05 or the 0.01 
l e v e l between groundwater l e v e l and the s o i l moisture d e f i c i t . 
Dudarenko (1981) i n a 3 month mlcrostudy on factors responsible 
f o r water-level and groundwater temperature v a r i a t i o n s i n the Narrator 
Brook Valleyy used a d a i l y c o r r e l a t i o n technique and producted the 
following lag times between r a i n f a l l and watertable response f o r 
selected wells i n the catchment:-
Well Lag i n Days 
1 12 
2 20 
6 13 
7 11 
9 20 
10 25 
12 20 
14 26 
15 19 
which i l l u s t r a t e that the average of a one month's lag period, as 
ascertained by graphical inspection, i s of the r i g h t order of 
magnitude. 
5:4:3 Analysis of Variance i n the Narrator Brook 
An analysis of variance was carried out on the water-level 
f l u c t u a t i o n data f o r the Narrator Brook Catchment. The aim of t h i s 
was to determine i f the wells responded i n a s i m i l a r fashion to 
recharge events. Such a condition would be expected to occur I n a 
single homogenous aquifer, w h i l s t a s i g n i f i c a n t difference i n water-
l e v e l f l u ctuations between wells would suggest a heterogeneous water-
bearing formation. Essentially an analysis of variance procedure 
compares sample mean values between groups w i t h i n a body of data, and 
i s a comprehensive and powerful set of procedures based on the F-test 
devised by Fisher (1956). 
A n u l l hypothesis (H Q) i s erected that the sample means represent 
population means that are equal:-
= ^2 = 
This hypothesis assumes that a l l sample variances are equal, an 
important c r i t e r i a which must be met otherwise the power of the t e s t 
I s reduced. T i l l (1974) suggested that i f the population variances 
are grossly unequal a non-parametric test should be used i n place of 
an F-test. 
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The standard deviation of water-levels and the variance deter-
mined at each we l l s i t e I n the Narrator Brook Valley are i l l u s t r a t e d 
I n table 5:3* Homogeneity of variance was established from the body 
of data and three d i s t i n c t w e l l groupings possessing s i m i l a r variances 
were I d e n t i f i e d . The analysis of variance was c a r r r i e d out on the 
three i n d i v i d u a l well groupings from table 5:5 and the r e s u l t s are 
tabulated i n the analysis of variance tables 5;6 and 5:7. 
Table 5:5 Variance and Standard Deviation f o r Wells i n the Narrator 
Brook Catchment 
Group Wells Variance Standard Deviation 
1 0.57 0.76 
2 0.31 0.56 
7 0.77 0.88 
1 12 0.88 0.93 
13 0.60 0.77 
10 0.15 0.38 
11 0.06 0.25 
6 0.03 0.18 
2 3 0.007 0.08 
4 0.003 0.06 
9 1.37 1.17 
3 14 1.34 1.16 
15 2.18 1.47 
The t o t a l variance i s the v a r i a t i o n of a l l measurements about 
t h e i r mean. The wlthin-samples variance i s the t o t a l v a r i a t i o n of 
each sample about i t s own mean groundwater l e v e l , and the between-
samples variance i s the v a r i a t i o n of the sample means about the grand 
mean. The F-test looks at the r a t i o of between-samples variance to 
wlthin-samples variance. I n t u i t i v e l y i f a number of means are not 
s i g n i f i c a n t l y d i f f e r e n t there w i l l be as much v a r i a t i o n w i t h i n samples 
and between samples, g i v i n g a small value of F. Conversely i f the 
means are s i g n i f i c a n t l y d i f f e r e n t the v a r i a t i o n betwep samples should 
be greater than the v a r i a t i o n w i t h i n samples, and t h i s gives a larger 
value of F. 
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The F-value calculated I n a l l three cases f o r wells i n the 
Narrator Brook Valley are greater than the F-values from s t a t i s t i c a l 
tables, so Ho (th a t a l l water-level means are equal) I s rejected, 
(because calculated values of F would arise f a r less than 1 out of 1 0 0 
times I f the samples a l l belonged to the same population). Therefore 
i n t h i s case the a l t e r n a t i v e hypothesis H| ( t h a t some water-level 
means are not equal) i s accepted, as the water-levels i n the wells are 
not the same at 1 % confidence l e v e l . 
Table 5 : 6 Analysis of Variance (One Way) 
Source of Variation 
Degrees 
of 
Freedom 
Sum of 
Squares 
Mean 
Square 
F 
Value Decision 
Between Wells 
9 , 1 4 , 1 5 
2 2 2 5 . 7 6 1 1 2 . 8 8 3 2 . 6 1 Reject HQ 
Within Wells 
9 , 1 4 , 1 5 
4 6 1 5 9 . 2 2 3 . 4 6 1 
F ( 0 . 0 1 , ; I, 4 6 ) - 4 . 9 8 
Between Wells 
3 , 4 , 6 , 1 1 
3 4 . 6 2 2 . 3 1 Reject HQ 
Within Wells 
3 , 4 , 6 , 1 1 
4 6 0 . 1 6 0 . 0 8 
F ( 0 . 0 1 , 2 , 4 6 ) = ' 4 . 9 8 
Between Wells 
1 , 2 , 7 , 1 0 , 1 2 , 1 3 
5 2 6 8 5 . 3 2 5 3 7 . 0 6 4 . 9 8 Reject Ho 
Within Wells 
1 , 2 , 7 , 1 0 , 1 2 , 1 3 
4 6 9 7 . 6 2 2 . 1 2 
F ( 0 . 0 1 , 2 , 4 6 ) = 4 . 9 8 
A more complex 2-way analysis of variance was u t i l i s e d i n which 
the data was analysed by rows and columns i n a block. This method 
attempts to determine i f there i s a s i g n i f i c a n t difference between the 
wells (columns) and the water-level data (rows) recorded. Two n u l l 
hypothesis were erected:-
(1) Ho^ a l l wells have s i m i l a r water-level f l u c t u a t i o n s 
versus 
some wells have d i f f e r e n t water-level f l u c t u a t i o n s H 
(11) 
A 
O' 
4 
similar 
H 0 2 a l l i n d i v i d u a l w e l l water-level f l u c t u a t i o n s are 
- 2 3 6 
versus 
a l l i n d i v i d u a l w e l l water-level f l u c t u a t i o n s are 
d i f f e r e n t 
Again the analysis was carried out on each of the three groups and the 
results are tabulated i n table 5:7. For a l l well groups Bo^ and H 0 2 
were rejected at the 1% l e v e l . This Indicates that there i s a 
s i g n i f i c a n t difference between the wells and the water-levels 
experienced i n these wells. 
Table 5:7 Analysis of Variance (2-Way) 
Source of Variation 
Degrees 
of 
Freedom 
Sum of 
Squares 
Mean 
Square 
F 
Value Decision 
Water-levels (Rows) 46 159.22 3.46 37.136 Reject Hoj 
Wells 9,14,15 
(Columns) 
2 225.76 112.88 1211.09 Reject Ho2 
Error/Residual 92 8.57 0.093 
Fi (0.01, 46, 92) = 1.66 
F 2 (0.01, 2, 92) = 4.79 
Water-levels 46 3.73 0.08 7.49 Reject Hoi 
Wells 3,4,6,11 3 4.62 2.31 213.51 Reject Hoi 
Residual 92 0.99 0.01 
Fi (0.01, 46, 
F 2 (0.01, 5, 
92) = 1.66 
92) = 3.95 
Water-levels 46 97.62 2.12 33.88 Reject Hoi 
Wells 1,2,7,10, 
12,13 
5 2685.31 53.06 42868.76 Reject H 0 2 
Residual 230 14.40 0.062 
Fl 
F 2 
(0.01, 46, 
(0.01, 5, 
230) = 
230) = 
1.66 
3.02 
From the analysis of variance i t can be seen that water-levels 
experienced at each loc a t i o n are s i g n i f i c a n t l y d i f f e r e n t i n that t h e i r 
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mean levels bear l i t t l e r e l a t i o n s h i p to each other. I f the wells 
penetrated a homogeneous aquifer, i n d i v i d u a l w e l l responses could be 
expected to be of a si m i l a r nature. Such an aquifer would be expected 
to respond i n a si m i l a r manner to meteorological inputs, and f l u c -
tuations at any point i n such a water body would be expected to have 
si m i l a r c h a r a c t e r i s t i c s . I t I s proposed that the wells i n the obser-
vation network i n the Narrator Brook Valley penetrate aquifer horizons 
at d i f f e r e n t locations w i t h i n the catchment, whose i n d i v i d u a l 
responses do not suggest a homogenous aquifer. Water-level f l u c -
tuations i n the Narrator Brook Valley vary widely, as does the 
l l t h o l o g y of neighbouring s i t e s (Chapter 2) suggesting that the wells 
Intersect discrete groundwater units w i t h i n the weathered granite 
matrix. 
5:5 M u l t i v a r i a t e Analysis 
The increased use of s t a t i s t i c a l methods i n hydrology over the 
l a s t two decades has been most apparent i n research papers reporting 
the use of mu l t i v a r i a t e methods and m u l t i p l e regression techniques. 
Snyder (1962) a t t r i b u t e d the widespread use of m u l t i p l e regression to 
the f a c t that i t i s one of the few numerical methods which can be used 
to evaluate simultaneously the e f f e c t of several causative f a c t o r s . 
The uses of n i u l t i v a r i a t e methods i n hydrology are ou t l i n e d by 
Rice (1967), who advocated t h e i r use since each parameter, i n a given 
s i t u a t i o n , can be described by multi p l e measurements obviating the 
need to describe a phenomenon by a single number. According to Rice 
(1967) m u l t i v a r i a t e methods can be used f o r the following purposes: 
(1) to estimate the p r o b a b i l i t y of group membership based on 
multip l e measurements 
(11) assess the position of a multiple-measurement observation 
with respect to two or more populations known to be 
d i f f e r e n t 
(111) estimate the minimum number of underlying factors present i n 
a larger set of related measurable variables 
( i v ) measure the c o r r e l a t i o n between two sets of variables or 
predict one set from another. 
As a consequence, mu l t i v a r i a t e methods allow f o r a f l e x i b i l i t y of 
approach which Is more i n harmony with the nature of hydrological and 
hydrogeological problems. The three most widely quoted techniques 
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u t i l i s e d i n the l i t e r a t u r e are p r i n c i p a l components analysis, factor 
analysis, and multiple regression techniques including the use of 
stepwise regression procedures. Factor analysis and p r i n c i p a l 
components analysis are referred to b r i e f l y below by way of developing 
the reasons f o r the choice of the stepwise regression procedure i n the 
Narrator Brook. 
Factor analysis has been used extensively i n the study of ground-
water chemistry. Dawdy and Feth (1967) used factor analysis i n a 
study of groundwater q u a l i t y i n the Mojave r i v e r v a l l e y , C a l i f o r n i a , 
while Ashley and Lloyd (1978) used t h i s technique to display major 
features of chemical v a r i a t i o n and groundwater flow i n Chile and 
Derbyshire. Factor analysis was o r i g i n a l l y devised to explain the 
i n t e r r e l a t i o n s h i p s i n large numbers of variables by the presence of a 
few factors. The o r i g i n a l applications were accompanied by theory 
which specified the expected nature of the factors and thus allowed 
t h e i r i n t e r p r e t a t i o n . When factor analysis i s applied to problems i n 
areas where no theories of structure e x i s t , i t i s necessary to deduce 
the meaning of the factors. At times t h i s i s not possible, because no 
pattern emerges i n the factor loadings, or because the t h e o r e t i c a l 
framework of the problem i s too poorly developed f o r adequate under-
standing (Davis 1973). Wallls (1965) suggested that as hydrologlcal 
data are so r a r e l y a random sample of a homogeneous population, the 
c l a s s i c a l factor analysis w i l l most l i k e l y be unproductive, although 
he does advocate i t s use as a numerical procedure f o r screening 
variables. 
The major use of p r i n c i p a l components analysis are usually 
related to the s i m p l i f i c a t i o n of large data sets with upwards of 50 
cases and 20 variables, f o r the purpose of generalising, organisation 
and understanding (Kent, 1979). Bonell (1978) used p r i n c i p a l 
components analysis to evaluate shallow groundwater movement i n a 
small boulder clay catchment. Diaz et a l . (1968) used p r i n c i p a l 
component analysis and factor analysis to i d e n t i f y the factors 
a f f e c t i n g the water y i e l d from 21 watersheds i n Ohio and Texas. These 
authors also used a stepwise regression procedure to substantiate the 
variables determined by p r i n c i p a l components analysis and f a c t o r 
analysis. 
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There have been however, c r i t i c i s m s of p r i n c i p a l components 
analysis as a technique, since Davis (1973) noted that i t i s not 
s t r i c t l y speaking a s t a t i s t i c a l procedure, but rather a mathematical 
manipulation i n which u t i l i t y i s judged by performance and not by 
th e o r e t i c a l considerations. Bearing the above features i n mind, and 
taking i n t o consideration that the parameters required to be derived 
were variables which had the most e f f e c t on water-levels, a stepwise 
regression procedure was adopted. This follows recommendations by 
Krumbein and G r a y b i l l (1965), who noted that when evaluating the 
importance of a set of independent variables f o r the p r e d i c t i o n of a 
dependent variable, a stepwise regression technique i s important i n 
exploring the behaviour I n a process-response model. 
5:5:1 Stepwise Regression 
Although the stepwise regression technique has been widely used 
i n water q u a l i t y studies, (K e l l e r 1970 and Foster 1978, 1979), i t s use 
i n hydrogeologlcal work i s minimal and has not been documented i n the 
l i t e r a t u r e . The most common stepwise procedure I s forward s e l e c t i o n , 
which adds variables on the basis of t h e i r p a r t i a l c o rrelations w i t h 
the dependent variable, such that at each stage the variable w i t h the 
highest p a r t i a l c o r r e l a t i o n i s added to the equation. The procedure 
continues u n t i l no further s i g n i f i c a n t variables can be added to the 
equation. 
Draper and Smith (1980) recommend the forward selec t i o n , stepwise 
regression procedure as one of the best variable selection procedures. 
Within the "Geog-Stats Package" available on the Prime Dual 550 system 
at Plymouth Polytechnic, a stepwise regression program, as devised by 
Mather (1969) was available, and u t i l i s e d f o r the analysis of data 
collected i n the Narrator Brook Catchment. I t was considered that the 
best course of action was to examine as many facets of the s i t u a t i o n 
as possible, and ascertain 'a p o s t e r i o r i ' the major factors 
influencing groundwater f l u c t u a t i o n s i n the va l l e y aquifer. A m u l t i -
variate s t a t i s t i c a l method, such as a stepwise regression procedure, 
allows consideration of changes i n several properties simultaneously, 
and hence enables deductions to be made f o r each we l l i n the 
catchment, concerning the r e l a t i v e importance of the independent 
variables. 
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As each variable i s entered Into the regression the e f f e c t s on 
the c o e f f i c i e n t of determination ( r ^ ) are determined and are p r i n t e d , 
along with the p a r t i a l c o r r e l a t i o n c o e f f i c i e n t s and standardised 
regression c o e f f i c i e n t s 
J.2 variance of predicted values of dependent variable 
variance of observed values of dependent variable 
When the f i t i s perfect, predicted values equal observed values so 
r2=1.0. The r^ r a t i o , converted to a percentage f i g u r e , equals the 
percentage of the variance explained by the regression equation. The 
appropriate f i t t e d regression equation chosen i s f i n a l l y computed for 
a l l the remaining variables s t i l l i n the model, along with residual 
values. 
5:5:2 General Problems of the use of a Stepwise Regression Procedure 
In practice research r a r e l y follows the standard method of hypo-
thesis generation, data c o l l e c t i o n , t e s t i n g and evaluation, so i t i s 
common for a range of a l t e r n a t i v e equations to be explored. I n t h i s 
context stepwise regression procedure search methods may be defended 
as a form of research strategy since r e s u l t i n g models provide guide-
l i n e s for fur t h e r analysis. Sensible judgement i s required i n the 
i n i t i a l selection of variables, and i n the c r i t i c a l examination of the 
model through the examination of the residuals. Draper and Smith 
(1980) suggested that i t i s easy to r e l y too heavily on the automatic 
selection performed i n the computer. 
Wallis (1968) suggested that given a wide choice of variables a 
stepwise regression procedure tends to c a p i t a l i s e on s p e c i f i c errors 
i n the i n i t i a l data, and to favour composite variables that may 
introduce an addi t i o n a l source of pre d i c t i o n error when used with 
control observations. I t s chief advantage seems to be that i t 
produces an equation that uses a small number of predictor variables 
and has a comparatively high r^ value ( t h a t percentage of the variance 
of the dependent variable which i s accounted f o r by the chosen 
regression equation). Variables selected by the stepwise regression 
procedure and t h e i r c o e f f i c i e n t s leave much to be desired i n ease of 
understanding of the underlying system, acording to Wallis (1965), but 
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Draper and Smith (1980) suggested that while stepwise regression 
procedure techniques do not necessarily select the absolute best model 
they usually select an acceptable one. 
When d i f f i c u l t i e s arise i n stepwise regression procedure they are 
pri m a r i l y due to the presence of high c o r r e l a t i o n s among independent 
variables (Hauser 1974). When one independent va r i a b l e correlates 
highly with another, the variables are said to be c o l l l n e a r , and when 
one such variable correlates highly with a combination of the 
remaining variables there Is m u l t i c o l l l n e a r l t y . 
M u l t i c o l l i n e a r i t y can be found from inspection of the c o r r e l a t i o n 
matrix produced f o r a l l the variables included i n the stepwise 
regression procedure. The regression c o e f f i c i e n t s w i l l tend to have 
high standard e r r o r s , and the degree to which i n d i v i d u a l variables 
contribute to the regression becomes d i f f i c u l t to ascertain. I n the 
case of two variables palrwlse correlations i n excess of about 0.80 
are usually taken as evidence of serious c o l l i n e a r i t y (Wallls 1965). 
Where such interdependence, or m u l t i c o l l i n e a r i t y e x i s t s , a number 
of d i f f e r e n t combinations of independent variables w i l l give almost 
equally good f i t s to the empirical data, and i t i s l i k e l y that selec-
t i o n procedures w i l l not produce the best equation. Further, 
d i f f e r e n t equations a l l w i t h s i m i l a r values of r ^ , may have very 
d i f f e r e n t t h e o r e t i c a l implications. Whereas such high correlations 
may not be a serious problem f o r the d e r i v a t i o n of pr e d i c t i o n 
equations, they can have far reaching Implications f o r explanatory 
equations (Hauser 1974). I n general, because of the problem of 
c o l l i n e a r i t y , care needs to be taken i n the i n t e r p r e t a t i o n of the r o l e 
of s i g n i f i c a n t variables chosen by the stepwise regression procedure. 
I d e a l l y i n the case of the Narrator Brook a q u i f e r , the objective 
was to derive an estimating equation with the emphasis accordingly on 
maximising the amount of v a r i a t i o n i n the dependent variable accounted 
for by the Independent variable set (maximising r ^ ) . I t was also 
hoped that an explanatory regression model could be achieved f o r the 
Narrator Valley system. Here the emphasis was on In d i v i d u a l 
regression c o e f f i c i e n t s and on establishing s i g n i f i c a n t r e l a t i o n s h i p s , 
so that the objective was to maxlmuse r^ subject to s i g n i f i c a n t 
regression c o e f f i c i e n t s . 
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5:5:3 Variables used i n the Stepwise Regression Procedure 
The stepwise regression procedure was run f o r each of the 13 
observation wells i n the Narrator Brook Catchment. The procedure was 
run twice on each well using two s l i g h t l y d i f f e r e n t arrangements of 
independent variables i n an attempt to narrow down possible time lags 
by using shorter antecedent r a i n f a l l periods. Run A used 23 variables 
and run B used 8 variables. The independent variables chosen for the 
analysis are l i s t e d i n Table 5:8. The dependent variable was the 
water-level observation f o r each we l l using 47 weeks of data over the 
period A p r i l 1979 to February 1981. 
Table 5:8 Use of the Variables i n the Stepwise Regression 
Variable Abbreviation Variables used I n Runs 
A B 
1 R a i n f a l l 
or R a i n f a l l periods 1-15 
(RF) 
(RF1-RF15) 
(RF1-RF15) (RF) 
2 Evapotranspiration (ET) (ET) (ET) 
3 Soil moisture as 
measured at Site 1 
(Sit e 1) (S i t e 1) (Sit e 1) 
4 So i l moisture as 
measured at Site 9 
(S i t e 9) ( S i t e 9) (Sit e 9) 
5 Sine Index (SI) (SI) (SI) 
6 Antecedadt p r e c i p i t a t i o n 
Index f o r 30 days 
(API 30) (API 30) (API 30) 
7 Anteced^^nt p r e c i p i t a t i o n 
Index for 5 days 
(API 5) (API 5) (API 5) 
8 So i l moisture d e f i c i t (SMD) (SMD) (SMD) 
9 Reservoir levels (RSLEV) (RSLEV) -
1. R a i n f a l l 
The c o r r e l a t i o n of t o t a l catchment r a i n f a l l w i t h the response of 
well - l e v e l s i n the observation network i n the catchment have already 
been referred to i n Section 5:4. The r a i n f a l l parameter u t i l i s e d i n 
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the stepwise regression procedure re f e r s to the t o t a l r a i n f a l l f o r the 
seven days p r i o r to the water-level observation. I n an attempt to 
narrow down the possible time lag between r a i n f a l l and watertable 
response, shorter r a i n f a l l periods were divided up i n t o d i s t r i b u t i o n s 
overtime w i t h the following c h a r a c t e r i s t i c s : 
Table 5:9 R a i n f a l l Periods 
Total R a i n f a l l Period ° antecedent r a i n f a l l over a t 
RF 1 1-12 hrs 
RF 2 12-24 
RF 3 24-36 
RF 4 36-48 
RF 5 48-60 
RF 6 60-72 
RF 7 72-84 
RF 8 84-96 
RF 9 96-108 
RF 10 108-120 
RF 11 120-132 
RF 12 132-144 
RF 13 144-156 
RF 14 156-168 
RF 15 168-180m hours 
The use of antecedent c l i m a t i c data i n conjunction w i t h the 
s t a t i s t i c a l technique of c o r r e l a t i o n was o r i g i n a l l y developed by P l t t y 
(1966), who correlated springwater hardness fl u c t u a t i o n s with 
antecedent c l i m a t i c data. This method was adapted by Bonell (1973) 
who correlated w e l l l e v e l data with s o i l moisture d e f i c i t and r a i n f a l l 
I n an attempt to determine lag time responses of wells i n a boulder 
clay catchment. The adoption of t h i s s t a t i s t i c a l approach i n the 
Narrator Brook Valley a t t r i b u t e d the v a r i a t i o n i n we l l response to 
r a i n f a l l Inputs over time, which by inspection of the well hydrographs 
suggests a v a r i a t i o n i n lag time f o r d i f f e r e n t wells i n the 
catchment. 
Run A of the stepwise regression procedure was carried out using 
RFP1-RFP15 as indicated i n Table 5:8. The unproductiveness of t h i s 
approach (Section 5:6:2) suggests that lag times are not so widely 
d i f f e r e n t as o r i g i n a l l y hypothesised and as a consequence only one 
value of t o t a l r a i n f a l l , for 7 days p r i o r to we l l l e v e l observation, 
was used i n Run B. 
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2. Potential Evapotranspiration 
The amount of moisture that a land surface loses by evapo-
t r a n s p i r a t i o n depends pr i m a r i l y on incident p r e c i p i t a t i o n , c l i m a t i c 
factors of temperature and humidity, along w i t h the extent and type of 
vegetation cover. The amount may be increased, by large trees whose 
roots penetrate deeply i n t o the s o i l bringing up and t r a n s p i r i n g water 
which would otherwise be f a r beyond the Influence of surface 
evaporation (Wilson 1974). The p o t e n t i a l values of evapotranspiration 
used are a t h e o r e t i c a l amount of loss that would occur without 
l i m i t a t i o n s of s o i l moisture a v a i l a b i l i t y , and as such were considered 
necessary to include i n the stepwise regression together w i t h measured 
s o i l moisture content i n the catchment. 
Bonell (1973) used p o t e n t i a l evapotranspiration i n conjunction 
with r a i n f a l l t o t a l s to investigate the causal factors responsible f o r 
well lag e f f e c t s i n a boulder clay catchment, and Foster (1979) also 
used p o t e n t i a l evapotranspiration as one of his meteorological 
variables I n modelling catchment solute response. The value u t i l i s e d 
I n t h i s present study was the mean value, i n millimeters f o r the week 
pri o r to the water-level observation. The d e r i v a t i o n of p o t e n t i a l 
evapotranspiration data from the catchment i s described i n Chapter 3 
and these monthly values were compared with South West Water's monthly 
estimates f o r North Hessary Tor 1978-1979. As can be seen from Table 
5:10 these monthly figures were s i m i l a r , and as such the mean weekly 
value calculated for use i n the stepwise regression procedure, were 
considered to be appropriate. 
Table 5:10 Mean Monthly Potential Evapotranspiration Values f o r 
North Hessary Tor and Head Weir, Narrator Brook (P.E. ram/month) 
Month North Hessary Tor Head Weir 
January 1979 12.3 11.5 
February 15.2 19.5 
March 42.8 34.0 
A p r i l 52.0 37.5 
May 78.0 71.2 
June 96.4 97.5 
July 116.4 135.5 
August 89.7 101.5 
September 61.0 72.7 
October 33.0 60.2 
November 18.8 28.5 
December 17.4 16.2 
January 1980 11.0 11.5 
February 15-6 25.2 
TOTAL 659.6 722.5 
3 & 4 Soil Moisture Measurements 
Water i n the s o i l moisture zone i s i n a continual state of f l u x , 
as I t moves i n response to a number of forces, such as g r a v i t y along 
with vapour pressure and temperature gradients. As a consequence s o i l 
water movement can be i n any d i r e c t i o n . The pattern of change i n the 
d i s t r i b u t i o n of water i n the s o i l mass during i n f i l t r a t i o n from water 
on the surface, and during the movement of water upwards from a 
groundwater system has been treated by many workers (Carson 1969). 
The s i m i l a r i t i e s between the two processes have been noted by 
Liakopoulos (1965) and are controlled predominantly by movement i n the 
v e r t i c a l d i r e c t i o n . 
Movement of s o i l moisture, i n the unsaturated zone, i s normally 
from moist to dry regions, that i s , from areas of low s o i l suction to 
those of high s o i l suction. Where the nature of the s o i l p r o f i l e 
results i n the Juxtaposition of s o i l s of markedly d i f f e r e n t textures 
having the same s o i l moisture content, there w i l l usually be a 
movement of moisture from coarse sandy materials to f i n e r clayey 
s o i l s , because f o r a given moisture content the s o i l water w i l l be 
held at lower suctions i n sand than clay. S o i l moisture movement w i l l 
be more rapid i n moist s o i l s than dry s o i l s , and that the d r i e r the 
s o i l becomes the steeper w i l l be the s o i l suction gradient necessary 
to induce any appreciable moisture movement (Ward 1967). 
The main implications of the above discussion i s t h a t , s o i l 
moisture measurements i n the Narrator Valley are considered to have an 
eff e c t on the rate of recharge to the watertable i n the catchment, and 
as such are important parameters f o r i n c l u s i o n i n the stepwise 
regression. Soil moisture values were determined by the gravimetric 
method as outlined i n Chapter 3, f o r Sites 1 and 9. Site 1 s o i l 
moisture v a r i a t i o n s are taken to be representative of the free 
draining s o i l moisture conditions on the north side of the v a l l e y , 
while Site 9 s o i l moisture conditions r e f l e c t those of the s i t e s on 
the lower more forested south side of the v a l l e y . 
5. Sine Index 
Seasonal indices are frequently incorporated i n t o m u l t i v a r i a t e 
s t a t i s t i c a l models f o r the development of pr e d i c t i v e equations ( K e l l e r 
1970). Following Walling (1974) a seasonal index, the sine index ( SI) 
was u t i l i s e d where: 
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SI = s i n [(2nD/365), radians] 
where D = day of year numbered from 1 January. Keller (1970) used h i s 
season factor (S) to estimate s o i l moisture conditions during the 
course of a year, showing maximum s o i l moisture taking place at the 
end of snowmelt period and the beginning of the vegetation period. 
Depletion would take place u n t i l the end of the vegetation growth 
period i n the autumn. 
The sine index approximates the d i s t r i b u t i o n of the water year 
with a maximum (dimenslonless) value 0.99 at the end of March, and a 
minimum of -0.99 at the end of September (Figure 5:11). Foster (1979) 
noted that the sine index also appears to represent the seasonal 
b i o l o g i c a l and hydrologlcal rhythms of the catchment, re f l e c t e d i n 
solute responses i n streamwater from a woodland catchment i n east 
Devon. 
6 & 7 Antecedent P r e c i p i t a t i o n Indices 
Antecedent p r e c i p i t a t i o n indices provide an i n d i c a t i o n , f o r a 
specific moment i n time, of the catchment wetness factor. Such 
Indices are pr i m a r i l y concerned with an estimate of the associated 
s o i l moisture conditions. A decay function I s normally employed i n 
the c a l c u l a t i o n so that past r a i n f a l l exerts progressively less 
Influence on the value of the index as the time span Increases, 
(Gregory and Walling 1973). 
The antecedent p r e c i p i t a t i o n index used i n the stepwise 
regression procedure was calculated a f t e r Finlayson (1978) who used a 
reciprocal decay function to evaluate API fo r a r a i n f a l l t o t a l ( P t) 
occurring ( t ) days previously. This i s given by: 
APIs = 1'=' - X P 
t = l t 
where APIg = antecedent p r e c i p i t a t i o n index for f i v e days 
P = p r e c i p i t a t i o n on a day ( t ) before the ca l c u l a t i o n . 
A 30 day antecedent p r e c i p i t a t i o n index was also calculated f o r 
use In the stepwise regression procedure, to take account of the 
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FIGURE 5:11 
Distribution of the Sine Index in the 
Narrator Brook Catchment 
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variable nature of the Narrator Brook v a l l e y materials, where I n f i l -
t r a t i n g r a i n f a l l may be i n some areas, delayed f o r greater periods 
than 5-10 days. 
8, S o i l Moisture D e f i c i t 
S o i l v a r i a b i l i t y imposes serious problems i n sampling techniques. 
The v a l i d i t y of the method depends on how f a r the s o i l hydraulic 
conductivity, s o i l moisture and tension gradient measured at one 
l o c a t i o n , can be matched by measurements taken at another s i t e , 
(McGowan, 1975). According to t h i s author, considerable l a t e r a l 
v a r i a t i o n i n the hydrologically s i g n i f i c a n t properties may occur i n 
s o i l s sampled at site s no more than Im apart, and even i n s o i l s which 
look r e l a t i v e l y uniform. 
Coleman and Farrar (1966) i n v e s t i g a t i n g the relationships between 
s o i l moisture and watertable depth on a London clay catchment, found 
that f o r a p a r t i c u l a r s i t e , the observed depth of the watertable at 
any season, varied l i n e a r l y with the calculated s o i l moisture d e f i c i t 
i n the s o i l p r o f i l e beneath a grass cover. Considering McGowan's 
(1975) and Coleman and Farrar's (1966) f i n d i n g s , the use of a general 
s o i l moisture d e f i c i t was considered a suitable parameter f o r 
inclusion i n the stepwise regression procedure. 
The s o i l moisture d e f i c i t used was calculated on a d a l l y basis 
a f t e r Grindley (1967). In the c a l c u l a t i o n procedure a zero s o i l 
moisture d e f i c i t i s assumed during l a t e winter when the s o i l moisture 
i s at f i e l d capacity, and subsequently the cumulative e f f e c t of 
r a i n f a l l accretion minus evapotranspiration loss i s evaluated. 
Measures of s o i l moisture d e f i c i t , antecedent p r e c i p i t a t i o n index 
and the sine index combined both t h e o r e t i c a l concepts and physically 
based data. These variables were considered to represent meaningful 
variations I n catchment conditions immediately p r i o r to a water-level 
recording, and consequently were used i n an attempt to derive 
parameters l i k e l y to s i g n i f i c a n t l y influence water-level f l u c t u a t i o n s 
i n the Narrator Brook Catchment. 
9. Reservoir Level 
K n i l l (19721), i n a comprehensive paper discussing assessment of 
reservoir f e a s i b i l i t y , noted a v a r i e t y of widespread groundwater 
pressure e f f e c t s , brought about i n an area by the construction and 
subsequent impounding of reservoirs. 
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In the general case K n l l l (1972t) suggested there w i l l be a r i s e 
I n watertable levels on the reservoir f l a n k and a movement of the 
groundwater divide towards the reservoir, which w i l l lead to an 
increase i n the proportion of groundwater flow discharging on the 
opposite side of the flank to the reservoir i t s e l f . Kennard and K n i l l 
(1969) noticed s i g n i f i c a n t groundwater pressure changes i n the layered 
sequence of limestones at Cow Green Reservoir i n Northern England, 
ra i s i n g the watertable from a few metres below topwater l e v e l to 
heights of 7m i n excess of the reservoirs topwater l e v e l . 
Van Everdingen (1968) noted s i m i l a r loading features due to the 
e f f e c t of the Saskatchewan Reservoir on l o c a l groundwater regimes. 
Consideration of the e f f e c t s of such features on water-levels i n the 
Narrator Valley, brought about by water-level v a r i a t i o n s i n Burrator 
Reservoir, were taken Into account. The change i n elevation of the 
topwater surface of Burrator Reservoir i s measured d a i l y by S.W.W. at 
Head Weir. The mean value for the week p r i o r to w e l l l e v e l obser-
vations were incorporated i n t o the stepwise regression procedure. 
This mean value was chosen to be consistent w i t h values for r a i n f a l l , 
and evapotranspiration used i n the stepwise regression procedure. 
5:5:4 Data Transformation 
P r e c i p i t a t i o n , t r a n s p i r a t i o n , evaporation, s o i l moisture and 
water q u a l i t y vary throughout the year i n any catchment area. Indices 
describing them may be non random and non homogeneous (Riggs 1968). 
Most of the l i n e - f i t t i n g s t a t i s t i c a l procedures assume that the data 
are normally d i s t r i b u t e d , w i t h the means of the d i s t r i b u t i o n located 
along a l i n e and with the variances of the d i s t r i b u t i o n s being every-
where the same. 
Leopold (1962) has shown that a logarithmic transformation i s 
more l i k e l y to produce a normal frequency d i s t r i b u t i o n of hydrologlcal 
data. The appropriate transformations f o r the independent variables 
i n the Narrator Brook are l i s t e d i n Table 5:11. The variable s o i l 
moisture d e f i c i t and r a i n f a l l t o t a l s contained zero values which 
i n i t i a l l y precluded a logarithmic transformation. T r a d i t i o n a l l y a 
small increment of the order of 0.001 i s added to a l l variables to 
f a c i l i t a t e transformation, but K l l m a r t l n and Peterson (1972) have 
shown that i n logarithmic transformation, t h i s p a r t i c u l a r value 
becomes -3.0, and i n variance computation has a value of 9.0. The 
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desired n u l l e f f e c t on a log-transformation was obtained by 
computation of log-SMD and lo g - R a i n f a l l as: 
P + AP = log (0.0 + 1.0) 0.0 
where P => i n i t i a l value + AP 
AP = the added increment. 
Table 5:11 Transformations Chosen fo r the Variables i n the Narrator 
Brook Catchment 
Variable Transformation 
SMD Log + I 
RF Log + 1 
SI No transformation 
RLEV Log 
Site 1 Log 
Site 9 Log 
APIS Log 
API30 Log 
ET Log 
WL Loff . 
5:6 Stepwise Regression Results f o r the Narrator Brook Catchment 
5:6:1 Correlation Matrix 
The matrix of c o r r e l a t i o n c o e f f i c i e n t s produced by the stepwise 
regression procedure, f o r each of the observation wells are tabulated 
i n Tables 5:12a - 5:12m. From the 13 i n d i v i d u a l c o r r e l a t i o n matrices 
the s i g n i f i c a n t correlations have been abstracted and presented i n 
Table 5:13. This table e f f e c t i v e l y summarises the most s i g n i f i c a n t 
( a t 0.01 significance l e v e l ) variables at each we l l s i t e which a f f e c t 
the water levels measured i n these wells. In general i t can be seen 
from Table 5:13 that evapotranspiration and s o i l moisture conditions 
are the most Important factors contributing to the water l e v e l 
observations experienced. I t i s apparent that the longer term 
antecedent p r e c i p i t a t i o n index Is a much better I n d i c a t o r of the 
general state of the catchment 'wetness* than are s i t e s p e c i f i c s o i l 
moisture conditions. 
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Table 5:12a Matrix of Correlation Coefficients Produced by the 
Stepwise Regression Procedure f o r Wells I n the Narrator Brook 
Catchment 
Well 1 RF APIs API30 Site 1 Site 9 SMD ET SI 
RF 
** 
API5 0.572 
** ** 
API30 0.662 0.794 ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS ** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** * * ** 
WL NS -0.470 -0.500 0.569 -0.318 NS 0.626 -0.504 
Table 5:12b 
Well 2 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF -
** 
API5 0.572 
** ** 
API30 0.662 0.794 ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
* 
SMD NS NS NS -0.272 NS ** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS * 
WL NS NS NS NS NS NS NS -0.305 
NS 
leit 
Not s i g n i f i c a n t 
0.01 significance l e v e l 
0.05 significance l e v e l 
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Table 5:12c 
Well 3 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF ** 
API5 0.572 ** ** 
API30 0.662 0.794 ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS 
** 
NS 
** 
NS NS ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS 
** * * ** * 
WL NS NS NS 0.523 -0.259 -0.289 0.696 -0.283 
NS = Not s i g n i f i c a n t 
** =3 0.01 significance l e v e l 
* = 0.05 significance l e v e l 
Table 5:12d 
Well 4 RF API 5 API30 Site 1 Site 9 SMD ET SI 
RF ** 
API5 0.572 
API30 0.662 ** 0.794 ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS 
** 
NS 
** 
NS 
** 
NS 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** 
WL NS NS NS NS NS NS 0.404 -0.401 
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Table 5:12e 
Well 6 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF -
API5 0.572 
** 
API30 0.662 0.794 ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
A 
SMD NS NS NS -0.272 NS ** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** ** ** * * ** ** 
WL NS -0.456 -0.491 0.663 -0.324 -0.246 0.809 -0.416 
Table 5:12f 
Well 7 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF - ** 
API5 0.572 
** 
API30 0.662 0.794 ** ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS ** ** ** It* 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** It* * 
WL NS NS -0.460 0.388 NS NS 0.321 -0.389 
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Table 5:12g 
Well 9 RF API 5 API30 Site 1 Site 9 SMD ET SI 
RF -
API5 0.572 
** 
API30 0.662 0.794 ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS ** ** 
ET NS -0.465 -0.512 0.793 NS NS 
SI NS NS NS NS NS NS NS ** ** ** ** 
WL NS -0.461 -0.502 0.563 -0.338 NS 0.696 -0.408 
Table 5:12h 
Well 10 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF -
** 
API5 0.572 
- ** 
API30 0.662 0.794 ** *• ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS 
** ** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** ** ** 
WL NS -0.483 -0.520 0.675 -0.365 -0.262 0.746 -0.403 
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Table 5:121 
Well 11 RF APIs API30 Site 1 Site 9 SMD ET SI 
RF - ** 
APIs 0.572 
** 
API30 0.662 0.794 ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS 
** 
ET NS -0.465 -0.512 0.793 NS NS 
SI NS NS NS NS NS NS NS ** ** * ** ** 
WL NS -0.479 -0.511 0.612 -0.287 -0.362 0.744 NS 
Table 5:12J 
Well 12 RF APIs API30 Site 1 Site 9 SMD ET SI 
RF - ** 
APIs 0.572 
it* 
API30 0.662 0.794 ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS 
** A* 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** ** ** * 
WL NS -0.481 -0.517 0.573 -0.305 NS 0.747 -0.406 
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Table 5:12k 
Well 13 RF APIs API30 Site 1 Site 9 SMD ET SI 
RF -
APIs 0.572 
** 
API30 0.662 0.794 ** ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS 
** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS ** ** ** 
WL NS NS NS 0.514 NS NS 0.545 -0.766 
Table 5:121 
Well 14 RF APIs API30 Site 1 Site 9 SMD ET SI 
RF -
** 
API5 0.572 
** 
API30 0.662 0.794 
** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS NS NS NS 
** ** ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS 
A* ** ** * ** ** 
WL NS -0.444 -0.474 0.577 -0.293 NS 0.659 -0.520 
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Table 5:12m 
Well 15 RF API5 API30 Site 1 Site 9 SMD ET SI 
RF 
API5 0.572 ** ** 
API30 0.662 0.794 
•kit ** 
Site 1 -0.340 -0.648 -0.636 
Site 9 NS NS NS NS 
SMD NS NS 
** 
NS 
** 
NS NS ** 
ET NS -0.465 -0.512 0.793 NS -0.416 
SI NS NS NS NS NS NS NS 
** * *4t ** 
WL NS -0.427 -0.493 0.574 -0.253 NS 0.689 -0.433 
Table 5:13 Summary of Sig n i f i c a n t Parameter Correlation Coefficients 
f o r the Narrator Brook from the Stepwise Regression Procedure 
WL+ WL+ WL+ WL+ WL+ WL+ET WL+ 
Well API5 API30 Site 1 Site 9 SMD SI 
1 -0.470 -0.500 0.569 -0.318* NS 0.626 -0.504 
2 NS NS NS NS NS NS -0.305* 
3 NS NS 0.523 -0.259* -0.289* 0.696 -0.283* 
4 NS NS NS NS NS 0.404 -0.401 
6 -0.456 -0.491 0.663 -0.324* NS 0.809 -0.416 
7 NS -0.460 NS -0.246* - 0.321* -0.389 
9 -0.461 -0.502 0.^63 -0.338 NS 0.696 -0.408 
10 -0.483 -0.520 Q..675 -0.365 -0.262* 0.746 -0.403 
11 -0.479 -0.511 .0,612 -0.287* -0.362 0.744 NS 
12 -0.481 -0.517 0.573 -0.305* NS 0.747 -0.406 
13 -0.362 NS 0.517 NS NS 0.545 -0.766 
14 -0.444 -0.474 0.577 -0.293* NS 0.659 -0.520 
15 -0.427 -0.493 Q.574 -0,253* NS 0.699 -0.433 
= Highest (+) and (-) c o r r e l a t i o n c o e f f i c i e n t s 
= Lowest (+) and (-) c o r r e l a t i o n c o e f f i c i e n t s 
where WL = water l e v e l 
API5 = f i v e day antecedent p r e c i p i t a t i o n index 
API30 = t h i r t y day antecedent p r e c i p i t a t i o n index 
Site 1 = s o i l moisture content as measured at s i t e 1 
SI = seasonal index (Sine Index) 
Site 9 = s o i l moisture content as measured at s i t e 9 
SMD = s o i l moisture d e f e c l t 
NS = no s i g n i f i c a n t c o r r e l a t i o n observed i n the c o r r e l a t i o n 
matrix 
Figures denoted (*) are s i g n i f i c a n t at the 0.05 l e v e l , a l l other 
figures are s i g n i f i c a n t at the 0.01 l e v e l . 
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The seasonal sine Index i s a s i g n i f i c a n t (0.01 significance l e v e l ) 
parameter at a l l s i t e s , except Well 11, where the c o r r e l a t i o n i s not 
s t a t i s t i c a l l y s i g n i f i c a n t (Table 5:13). The c o r r e l a t i o n between the 
sine index and water l e v e l observations i s a negative one, 
demonstrating that as watertable elevation rises the sine index 
decreases. 
From the 13 I n d i v i d u a l c o r r e l a t i o n matrices the s i g n i f i c a n t 
correlations (0,01 significance l e v e l ) , of the variables which are 
common to a l l s i t e s have been abstracted. Table 5:14 summarises the 
parameters whose effects are of a s i m i l a r magnitude over the e n t i r e 
catchment. R a i n f a l l and antecedent p r e c i p i t a t i o n indices are strongly 
correlated as are evapotranspiration and s o i l moisture parameters. I t 
i s evident that s o i l moisture and the antecedent p r e c i p i t a t i o n indices 
are measuring the same 'control' i n the Narrator Brook Catchment. The 
antecedent p r e c i p i t a t i o n index i s a more e f f i c i e n t measure because I t 
i s providing a more accurate longer terra statement of average 
catchment conditions, than the one point i n time and space s o i l 
moisture observations. 
Table 5:14 Summary of Correlation Coefficients of Variables Common to 
a l l Wells i n the Narrator Valley 
Correlated variables Correlation c o e f f i c i e n t 
R a i n f a l l and APIs 0.572 
R a i n f a l l and API30 0.622 
APIs and API30 0.794 
Site 1 and API5 -0.648 
Site 1 and API30 -0.636 
ET and APIs -0.465 
ET and API30 -0.512 
ET and Site 1 0.793 
ET and SMD -0.416 
a l l the above co r r e l a t i o n c o e f f i c i e n t are s i g n i f i c a n t at 0.01 l e v e l . 
Table 5:15 summarises the correlations between groundwater levels 
and reservoir l e v e l f l u c t u a t i o n s i n the Narrator Brook Valley, from 
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which s i g n i f i c a n t (at 0.01 significance l e v e l ) negative c o r r e l a t i o n s 
are evident. One i n t e r p r e t a t i o n of t h i s negative c o r r e l a t i o n i s that 
drainage of groundwater from the saturated weathered g r a n i t i c 
materials contribute s i g n i f i c a n t l y to the reservoir storage. This 
downstream groundwater drainage component from the weathered g r a n i t i c 
materials i s u n l i k e l y to be a process r e s t r i c t e d to the Narrator Brook 
Valley and may be an important feature i n simi l a r valleys elsewhere on 
Dartmoor. 
Table 5:15 Negative Correlations between Reservoir Levels and Water 
Level Observations i n the Narratory Brook Valley 
Well Correlation C o e f f i c i e n t Significance Level 
1 -0.675 0.01 
2 -0.585 *• 
3 -0.658 *• 
4 -0.547 t * 
6 -0.571 t i 
7 -0.666 •* 
9 -0.669 t * 
10 -0.651 t i 
11 -0.541 
12 -0.608 " 
13 -0.675 «• 
14 -0.701 M 
15 -0.662 H 
5:6:2 Stepwise Regression Procedure Runs A and B 
Two runs of the stepwise regression procedure were carried out on 
data from each of the observation wells. Run A u t i l i s e d the r a i n f a l l 
periods (as outlined i n section 5:5) and the reservoir levels together 
with s o i l moisture, water-levels and meteorological parameters. The 
most s i g n i f i c a n t explanatory variables chosen to account f o r the 
variations observed i n the watertable levels were reservoir l e v e l , 
evapotranspiration and depending on the w e l l r a i n f a l l periods 8 to 15, 
and Site 1 s o i l moisture measurements. These variables 
were considered to be responsible f o r some 70-80% of the va r i a t i o n s i n 
the watertable l e v e l . 
The i n c l u s i o n of reservoir l e v e l i n the regression equation i n 
Run A may be explicable i n that the reservoir experiences the same 
meteorological Inputs as the groundwater, and i s accordingly 
influenced by antecedent conditions i n much the same way as the water-
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table i n the Narrator Valley. Response to such influences I s 
manifested by a greater magnitude of l e v e l changes, p a r t l y due to 
d i r e c t p r e c i p i t a t i o n to the water surface over O.eOkm^, and because 
the reservoir i s at the downstream end of the hydrogeological system 
to which a l l accrued Inputs g r a v i t a t e . However the c o r r e l a t i o n of 
water-level f l u c t u a t i o n s with reservoir l e v e l f l u c t u a t i o n s . Table 
5:15, have shown that a negative c o r r e l a t i o n e x i s t s . This may be 
explained by a s i g n i f i c a n t lag i n time between the response of the 
wells to Input and the reservoir levels response to input. Response 
to input over the reservoir surface w i l l be more immediate than the 
response of the wells i n the weathered granite aquifer f u r t h e r 
upstream, and the reservoir l e v e l w i l l r i s e whilst the groundwater 
levels I n the wells are s t i l l receding p r i o r to the next recharge 
event. 
As the l a t e r r a i n f a l l jfrlods, i n excess of 84 hour antecedent 
t o t a l s , were the most frequently chosen as being important parameters 
i n Run A, i t was decided to assign a single r a i n f a l l parameter to the 
independent variables. The value adopted was the t o t a l r a i n f a l l f o r 
the seven days p r i o r to the water-level observation. Table 5:16 
i l l u s t r a t e s the s i g n i f i c a n t parameters chosen by the stepwise 
regression procedure for Run B. The rejected parameter column i n 
Table 5:16 l i s t s those variables chosen as next having an e f f e c t on 
water l e v e l at each well s i t e , but they are subsequently rejected as 
not adding s i g n i f i c a n t l y to the explained variance. As can be seen 
from Table 5:16 evapotranspiration appears to be the most important 
parameter influencing water-level f l u c t u a t i o n s i n most of the wells 
and accounting f o r between 48 and 55% of the variance. Wells 2, 7 and 
13 do not f a l l i n t o t h i s general trend, which i s outlined below by 
reference to the most important parameters chosen at each w e l l s i t e . 
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T a b l e 5:16 S i g n i f i c a n t and R e j e c t e d Parameters i n the N a r r a t o r Brook 
(Run B) as S e l e c t e d by the Stepwise R e g r e s s i o n Procedure 
Well Order of S i g n i f i c a n t 
Parameters 
r2 (%) F - t a b l e s 
S i g n i f i c a n c e 
L e v e l 
R e j e c t e d 
Parameter 
1 E.T. S . I . 63 0.01 A.P.I.30 
2 R.F. 9 N.S. S . I . 
3 E.T. 49 0.01 S i t e 1 
4 E.T. 67 0.01 R.F. 
6 E.T. S i t e 1, R.F. 75 0.01 S . I . 
7 A.P.I.309 S . I . 33 N.S. S i t e 1 
9 E.T. 48 0.01 S . I . 
10 E.T. S . I . 71 0.01 S i t e 1 
11 E.T. 55 0.01 A.P.I.30 
12 E.T. 56 0.01 S . I . 
13 S . I . E.T. 87 0.01 R.F. 
14 E.T. S . I . 69 0.01 A.P.I.30 
15 E.T. S . I . 66 0.01 A.P.I.30 
Well 1 
E v a p o t r a n s p i r a t i o n and the s i n e index a r e chosen as the most 
important parameters e x p l a i n i n g 63% of the t o t a l v a r i a t i o n i n w a t e r -
l e v e l s of t h i s l o c a t i o n . The r e g r e s s i o n e q u a t i o n chosen, u s i n g t h e s e 
two v a r i a b l e s i s s i g n i f i c a n t a t the 0.01 l e v e l . T h i s c h o i c e of 
parameters to e x p l a i n the w a t e r - l e v e l s observed a t S i t e 1 s u g g e s t s 
that groundwater a t t h i s s i t e a l t h o u g h from a deep source has a 
s i g n i f i c a n t component of groundwater from a s h a l l o w e r o r i g i n than 
those groundwaters of Wells 2 and 7. Such a component may be d e r i v e d 
from more r e c e n t p r e c i p i t a t i o n - f e d s o u r c e s e i t h e r from v e r t i c a l or 
l a t e r a l flow p r o c e s s e s , as compared w i t h the e x c l u s i v e l y deeper 
d e r i v e d w a t e r s i n Well 7 and Well 2 which a r e not a f f e c t e d by 
e v a p o t r a n s p i r a t i o n . 
W e l l 2 
No parameters were found to be s t a t i s t i c a l l y s i g n i f i c a n t f o r t h i s 
s i t e . The most important parameter chosen by the s t e p w i s e r e g r e s s i o n 
procedure was r a i n f a l l which accounted f o r o n l y 9.00% of the v a r i a t i o n 
i n w a t e r - l e v e l s , and consequently the chosen r e g r e s s i o n e q u a t i o n i s 
not s t a t i s t i c a l l y s i g n i f i c a n t . T h i s shows t h a t the range of i n i t i a l 
parameters chosen to h e l p e x p l a i n w a t e r - l e v e l v a r i a t i o n s are 
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inadequate i n t h i s case. As can be seen from the borehole logs i n 
Appendix 1, t h i s well penetrates a large proportion of sands and 
gravels, p a r t i c u l a r l y around the screened section. Lateral and 
v e r t i c a l movement through these i s l i k e l y to be very rapid and hence 
t o t a l r a i n f a l l inputs and t h e i r seasonal d i s t r i b u t i o n , as 
characterised by the sine index, w i l l a f f e c t the water-level f l u c -
tuations more markedly. A parameter characterising grain size d i s t r i -
bution and/or permeability v a r i a t i o n s may we l l have been a more useful 
inclusion i n t o the stepwise regression procedure at t h i s l o c a t i o n . 
Well 3 and Well 4 
At these two site s evapotranspiration was chosen as being the 
most s i g n i f i c a n t parameter explaining t o t a l water-level v a r i a t i o n s . 
Both regression equations are s i g n i f i c a n t at the 0.01 significance 
le v e l s , with an r^ of 49% f o r Well 3 and 67% f o r Well 4. I t i s l i k e l y 
that the incidence and duration of s i t e flooding, p a r t i c u l a r l y at Well 
3, w i l l have some bearing on water-level f l u c t u a t i o n s observed at t h i s 
location. The watertable positions at these two locations i s never 
greater than 0.5m below the surface so evapotranspiration would be 
expected to a f f e c t the water-levels. River stage variations may have 
been a more appropriate explanatory variable f o r use i n the stepwise 
regression procedure i n these bankside locations. However, due to the 
variable hydrogeological properties of the weathered granite material 
i n the v a l l e y , as outlined i n Chapter 4 i t was f e l t that r i v e r stage 
measurements from Station 11 and Station Cutt would not have been 
appropriate for use at t h i s l o c a t i o n . 
Well 6 
Evapotranspiration, s o i l moisture at Site 1 and r a i n f a l l account 
f o r 75% of the varia t i o n s of the watertable at t h i s l o c a t i o n . The 
regression equation i s s i g n i f i c a n t at the 0.01 l e v e l . The r^ value i s 
one of the highest I n the observation wells (Table 5:16). This 
s i t u a t i o n may be explained by the shallow depth to the watertable, so 
evapotranspiration processes would be expected to have a s i g n i f i c a n t 
e f f e c t on the watertable height. Site 6 I s subject to occasional 
flooding r e s u l t i n g i n saturated s o i l horizons, and the coarseness of 
the v a l l e y materials at t h i s l o c a t i o n w i l l r e s u l t i n a more rapid 
transmission of moisture towards the watertable. The nearness of the 
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reservoir i t s e l f may be an influence on the shallow depth to ground-
water at t h i s s i t e . 
Well 7 
The t h i r t y - d a y antecedent p r e c i p i t a t i o n index (API30) and the 
sine index account f o r only 33% of the v a r i a t i o n of water-level f l u c -
tuations at t h i s l o c a t i o n , and consequently the regression equation 
selected by the stepwise regression procedure i s not s t a t i s t i c a l l y a 
s i g n i f i c a n t one. Antecedent p r e c i p i t a t i o n and the sine index are 
r e l a t i v e l y Important variables, but a l t e r n a t i v e parameters need to be 
elucidated to explain water-level v a r i a t i o n s at Well 7. From the 
borehole logs i n Appendix 1, i t can be seen that approximately 6m of 
sands are penetrated along with 3m of g r a n i t i c material around the 
screened section. Movement of water h o r i z o n t a l l y or v e r t i c a l l y 
through fissured granite bedrock may be responsible f o r a proportion 
of the water-level v a r i a t i o n I n the borehole, and a suitable parameter 
to characterise gross g r a n i t i c permeability may be useful f o r 
inclusion i n t o the stepwise regression procedure at t h i s s i t e . 
S o i l moisture measurements, as determined at Site I higher up the 
northern slope. I s a rejected variable I n the regression, but the 
nearness to the surface of sandy material would suggest a more ra p i d l y 
draining subsoil at Well 7 and antecedent s o i l moisture conditions 
would pre-determlne the r e l a t i v e speed of water movement downwards 
through t h i s thickness. A parameter characterising the r e l a t i v e 
thicknesses and permeabilities of the d i f f e r e n t l l t h o l o g i e s at a given 
s i t e may prove to be a useful inclusion i n t o the stepwise regression 
procedure, i n an attempt to both explain water-level f l u c t u a t i o n s , and 
to predict f u r t h e r changes at a s p e c i f i c s i t e . 
Well 9 
Evapotranspiratlon accounts f o r 48% of the t o t a l v a r i a t i o n i n 
water-level observed at Well 9, r e s u l t i n g i n a regression equation 
which i s s i g n i f i c a n t at 0.01 l e v e l (Table 5:16). 
Well 10 
The Influence of evapotransplration and the sine index represent 
71% of the explained v a r i a t i o n i n water levels observed at t h i s 
l o c a t i o n , g i v i n g a regression equation which i s s i g n i f i c a n t at 0.01 
(Table 5:15). 
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Well U 
The watertable p o s i t i o n at Well 11 i s r a r e l y greater than Im 
below the ground surface^ and as such evapotransplratloa would be 
expected to account f o r some v a r i a t i o n i n the obseryed water-levels. 
As can be seen from Table 3:16 evapotranspiration accounts f o r 55% 
s i g n i f i c a n t at the 0.01 l e v e l . The observation w e l l i s thought to 
penetrate a semi-confined s i t u a t i o n where a g r a n i t i c boulder or layer 
of more coherent g r a n i t i c materials, p a r t i a l l y confines the underlying 
sand and g r i t t y l i t h o l o g i e s , and where the antecedent p r e c i p i t a t i o n 
index influences watertable height over a longer time period than 
would be expected for shallow watertable conditions. 
Well 12 
'Evapotranspiration accounts f o r 56% explained v a r i a t i o n of 
water-levels at t h i s s i t e , and the equation selected as the best 
available from the stepwise regression procedure i s s i g n i f i c a n t at the 
0.01 l e v e l . Sites 9, 10 and 12 are a l l of a s i m i l a r topographic 
elevation and have s i m i l a r i t i e s i n materials penetrated, although Well 
9 has a greater quantity of clay. 
Well 13 
The sine index and evapotranspiration are the most important 
parameters explaining the t o t a l v a r i a t i o n I n water levels accounted 
for by the regression of s i t e 13. An r^ of 87% i s derived w i t h the 
regression being s i g n i f i c a n t at 0.01 l e v e l . However, i t i s f e l t t h a t 
Well 13*s re s u l t s must be viewed t e n t a t i v e l y as damaged casing may be 
responsible f o r a large proportion of the v a r i a t i o n i n water-levels. 
Well 14 and Well 15 
Evapotranspiration and the sine index are the most important 
variables having an influence on water levels at Sites 14 and 15. 
Both regression equations chosen by the stepwise regression 
procedure, are s t a t i s t i c a l l y s i g n i f i c a n t at 0.01 l e v e l , and r ^ values 
for Well 14 and 15 are 69% and 66% respectively. Both these wells are 
similar from topographic and l l t h o l o g i c a l viewpoints, and although 
being the fo u r t h and f i f t h deepest wells i n the catchment, s t i l l show 
modification due to evapotranspiration processes active i n the 
forested parts of the catchment. This factor again suggests that 
groundwaters at these s i t e s are of a r e l a t i v e l y shallow o r i g i n , being 
derived from more recent p r e c i p i t a t i o n - f e d sources. 
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5:6:3 General Patterns 
The data presented suggests that evapotransplratlon, sine Index, 
r a i n f a l l and APl3o, I n association with s o i l moisture conditions 
t y p i f i e d by those at Site 1, appear to be the main parameters which 
have a s i g n i f i c a n t e f f e c t on the groundwater l e v e l f l u c t u a t i o n s 
experienced. On the basis of the s t a t i s t i c a l l y s i g n i f i c a n t parameters 
presented i n Table 5:16, the observation wells can be divided i n t o 
three groups. These are as follows: 
Group (1) Wells 1. 10. 13, 14, 15 
Group (11) Wells 3, A, 9, 11, 12 
Group ( i l l ) Wells 2, 7, 6. 
Group (1) 
These consist of wells whose explained v a r i a t i o n i n water-level 
f l u c t u a t i o n can be a t t r i b u t e d to evapotransplration and the sine index 
parameters (Table 5:16). With the exception of Well 10 Figure 12, 
these wells are situated on the topographically higher positions on 
the north and south side of the v a l l e y . 
Group (11) 
These consist of wells whose explained v a r i a t i o n i n water-level 
f l u c t u a t i o n are a t t r i b u t e d to evapotransplratlon e f f e c t s only (Table 
5:16). As can be seen from Figure 12 the wells i n t h i s group are 
generally situated at lower elevations, with the shallowest wells 3 
and A at the lowest points. 
Group ( i l l ) 
This group consists of wells which show anomalous results and are 
quite d i s t i n c t from the ch a r a c t e r i s t i c s shown by e i t h e r Group (1) or 
Group (11). Table 5:16 i l l u s t r a t e s that various combinations of the 
r a i n f a l l , evapotranspiration. Site 1 s o i l moisture conditions and the 
t h i r t y day antecedent p r e c i p i t a t i o n index parameters, may account f o r 
the explained variations of water-levels experienced at these 
locations. 
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FIGURE 5:12 Well groupings determined from the 
Stepwise Regression Procedure 
5:6:4 Summary 
From material presented I n t h i s Chapter, four independent forms 
of analysis have been u t i l i s e d . In an attempt to group the wells i n 
the observation network. Table 5:17 summarises these groups, and i t 
i s obvious that a l l four analyses produce groupings which have common 
wells. 
Table 5:17 Summary of Hydrogeological Groupings of wells i n Narrator 
Brook from four types of analysis 
Type of Analysis Designated Group Wells i n Group 
Hydrograph 
Amplitude A 3,4,6,11 
B 1,2,7,10,12,13 
C 9,14,15 
Change i n a 3,4,6,11 
water-level b 1,2,7,10,12,13 
mapping c 9.14,15 
Standard deviation 1 1,2,7,10,12,13 
of water-levels 2 3,4,6,11 
and the 3 9,14,15 
analysis of 
variance 
Stepwise ( i ) 1,10,13,14,15 
Regression (11) 3,4,9,11,12 
( i l l ) 2,7,6 
Grouping based on hydrograph amplitude, change i n water-level 
map, standard deviation of water-levels and the analysis of variance 
a l l produce s i m i l a r hydrogeological w e l l groupings. Geological 
features, i n the form of formation s t a b i l i t y during d r i l l i n g , (Chapter 
3) , may have some ef f e c t on the hydrogeological response of i n d i v i d u a l 
wells* Wells 3, 4, 6 and 11 exhibited badly caving formations during 
d r i l l i n g procedures, and these shallow wells frequently occur i n the 
same hydrogeological grouping. Wells 9, 14 and 15 l o s t t h e i r screen-
bungs during completion, but t h i s e f f e c t on the hydrogeological w e l l 
response may be i n s i g n i f i c a n t because of the large proportion of clay 
materials around or i n the n e a r - v i c i n i t y of t h e i r well-screens. 
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Evidence f o r Che influence of well completion procedures on Che 
response of Che wells Is not available from Che NarraCor Brook 
Valley. 
On the basis of the previous four groupings as Indicated I n Table 
5:16 the wells In the catchment can be broadly assigned Co three 
hydrogeological provinces In the Narrator Brook and these are 
I l l u s t r a t e d I n Figure 13. 
I Regions predominantly of recharge characterised by wells i n 
groups ( 1 ) , 3, C and c. 
I I Regions mainly of discharge characterised by wells i n groups 
(11), 2, A and a. 
I l l Areas of anomalous f l u c t u a t i o n s suggesting deeper flow 
patterns as i n the case of Wells 7 and 2, or flow patterns 
influenced by surface water bodies as i n the case of Well 6. 
These conditions are found i n group ( i l l ) and to a lesser 
extent i n groups 1, b and B. 
5:6:5 Predictive Equations 
The generalised regression equation i s given i n Table 5:18 along 
with a l i s t i n g of observed water-level (y) predicted water-level (y*) 
constant (bg) observed dependent variables (b^ b2 b3) and the p a r t i a l 
regression c o e f f i c i e n t s (x^ X2 X 3 ) of the dependent variables. The 
generalised equation i s regarded as an estimating equation f o r future 
water-level positions at each of the s i t e s , given r a i n f a l l , s o i l 
moisture d e f i c i t , evapotranspiratlon and s o i l moisture conditions. 
As seen from Section 5:6:2 r ^ = 48-86%, leaving 14-52% 
unexplained variance f o r the water-levels i n the catchment as 
described by the parameters u t i l i s e d i n the stepwise regression 
procedure* To account f o r t h i s proportion of unexplained variance, 
and to test the adequacy of the regression equations an analysis of 
residuals was conducted. 
5:6:6 Analysis of Residuals 
From the point of view of achieving an appropriate explanatory 
regression model fo r the groundwater-level v a r i a t i o n s apparent i n the 
Narrator Brook, r ^ needs to be maximised f o r each s i t e * This achieves 
as much explanation f o r water-level f l u c t u a t i o n s as i s possible at 
each s i t e , using the chosen independent variables. However other 
independent variables, not included i n the stepwise regression 
procedure may be a f f e c t i n g the behaviour of the dependent v a r i a b l e , 
the water-level. 
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FIGURE 5.13 HYDROGEOLOGICAL PROVINCES IN T H E 
NARRATOR V A L L E Y 
T^ble 5:18 Predictive Equations for the Narrator Brock as selected by the Stepwise 
Regression Procedure 
Partial Regression Ooef f icients 
of dependent variables 
observed predicted constant observed dependent variables 
y y' bo bl b2 b3 XI X2 
1 1.0540 1.0651 1.05232 1.541 1.085 - 0.05189 - -
2 0.7780 0.8893 0.96335 0.7000 - - -0.10576 - -
3 -0.7440 -0.8180 -1.48983 0.9420 - - 0.71323 - -
4 0.1900 0.1994 0.25040 0.9420 - - -0.05635 - -
6 -0.3660 -0.2656 1.05548 0.9420 1.452 0.700 0.33140 -1.09721 -0.05733 
7 0.6780 0.6859 1.03027 1.132 0.9900 - -0.22918 -0.08580 -
9 0.3320 0.3821 -0.00394 0.9420 - - 0.40979 - -
10 0.4500 0.4610 0.42017 1.085 0.9900 - 0.06206 -0.02674 -
11 -0.2290 -0.2739 -0.70711 0.9420 - - 0.45986 - -
12 0.2920 0.3412 -0.00130 0.9420 - - 0.36363 - -
13 0.6610 0.6715 0.67551 0.9900 1.085 - -0.05735 0.04860 -
14 0.6970 0.7335 0.69407 1.085 0.9900 - 0.08778 -0.05640 -
15 0.5880 0.6248 0.51964 1.085 0.9900 — 0.17736 -0.08820 — 
logioy 
y 
bo + bj + b2 X2 
bo + bl loglO XI + b2 loglO X2 
bl bo 
^antilx)glO + ^ 1 ' + «2 ^  
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To c l a r i f y the s i t u a t i o n an analysis of residuals was carried out 
for each s i t e . A residual i s the difference between Y observed and Y 
estimated by the equation, that i s , the amount which the regression 
equation has not been able to explain. Residuals may also be regarded 
as the observed errors I f the model i s correct. 
For the Narrator Valley the stepwise regression procedure p r i n t s 
out values f o r Y estimated and the residual f o r each s i t e . These have 
been p l o t t e d , Y estimated against r e s i d u a l , and are i l l u s t r a t e d i n 
Figures 5:lAa-5:14c. 
Certain assumptions are made about the er r o r s , (Draper and Smith 
1980) 
(1) they are independent 
(11) have zero mean 
( i l l ) have a constant variance 
( I v ) f o l l o w a normal d i s t r i b u t i o n . 
Thus i f the f i t t e d model i s correct the residuals should e x h i b i t 
tendencies that tend to confirm the assumptions made, or at least 
should not e x h i b i t a denial of the assumptions made. 
In general, i f a plot of residuals of a regression equation 
against Y estimated, produces a horizontal band either side of the Y 
estimated axis, w i t h i n which the points are d i s t r i b u t e d , then t h i s i s 
taken to indicate that no abnormality occurs and the least squares 
regression analysis would not appear i n v a l i d a t e d , and that the above 
four assumptions are confirmed (Draper and Smith 1980). 
From the analysis of residual diagrams f o r the Narrator Valley 
Wells 1, 6, 9, 11, 12, 13, lA and 15 e x h i b i t the c h a r a c t e r i s t i c 
horizontal spread of points which suggests that the regression model 
chosen by the stepwise regression procedure i s adequate i n a l l these 
cases. There are however some deviations from t h i s d i s t r i b u t i o n , 
exhibited by Wells 2, 3, A, 7 and 10. The marked v e r t i c a l spread of 
plotted points i n the case of Wells 2 and 10, Figure 5:lAc, indicate 
that there i s a dependence of the residuals on the chosen variable I n 
the regression model at these locations. Well A (Figure 5:lAc) shows 
t h i s feature also, but to a less well marked degree. As a consequence 
the model may be regarded as inadequate f o r these three s i t e s . 
The spread of residuals as indicated f o r the plot of Wells 3 and 
7 (Figure 5:lAc) suggests that the variance of the data i s not 
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constant as assumed i n the i n i t i a l hypothesis, and hence the model i s 
not appropriate f o r these two locations. Well 2 and 7's regression 
equations, as outlined i n Section 5:6:2, are not s t a t i s t i c a l l y 
s i g n i f i c a n t , which i s substantiated by t h i s analysis of residuals. 
The variance of the data produced by the selected regression 
equations may be reduced, i n most of the wel l locations, by the 
inclusion i n t o the stepwise regression procedure of furth e r parameters 
l i k e l y to a f f e c t water-level at each i n d i v i d u a l s i t e . These 
additional variables have been referred to at i n d i v i d u a l s i t e s i n 
Section 5:6:2, but are summarised here. Parameters describing grain 
size d i s t r i b u t i o n , permeability v a r i a t i o n s , thicknesses of i n d i v i d u a l 
materials and variations at a wel l s i t e , incidence and duration of 
s i t e flooding, variations i n r i v e r stage, slope factors and elevation 
along with contributions from i n t e r f l o w , may furth e r aid i n the 
production of predictive equations to estimate the watertable 
elevation i n the Narrator Valley. I n ad d i t i o n , the e f f e c t of 
vegetation cover and type, which w i l l e f f e c t evapotranspiration 
t o t a l s , may cause s i g n i f i c a n t v a r i a t i o n s i n groundwater levels i n the 
catchment. 
5:6:7 S t a t i s t i c a l Significance of Mu l t i p l e Regression Equations 
L i t t l e a t t e n t i o n i s paid to the significance of equations derived 
from stepwise regression procedure i n the l i t e r a t u r e , due possibly to 
the fact that s t a t i s t i c a l tables assume hypotheses proposed i n advance 
of the examination of sample data. For the stepwise regression 
procedure the dependent variable i s loosely hypothesised to be related 
to one or more variables from a set of independent variables, and a 
search i s made for the most important ones. The r e s u l t i n g model i s 
derived from the same data set which i s then used to test the l e v e l of 
significance. Normal test s t a t i s t i c s are Just not applicable i n such 
si t u a t i o n s . 
However, to determine whether the m u l t i p l e regression equations 
produced by the stepwise regression procedure are s t a t i s t i c a l l y 
s i g n i f i c a n t an analysis of variance was carried out. Very few 
applications of t h i s technique are documented because most analyses of 
variance are based on data from a designed experiment, and i t i s t h i s 
application f o r which best results are obtained (Riggs 1968). An 
analysis of variance was used s p e c i f i c a l l y i n the Narrator Valley to 
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test to see i f there was a difference between the sum of squares of 
the regression, or explained v a r i a t i o n ; and the residual sum of 
squares, or the unexplained v a r i a t i o n . The t o t a l v a r i a t i o n of the 
data sets used i n the Narrator Valley, I s the sum of the regression 
and residual v a r i a t i o n for each w e l l . Tables i n Appendix 4 tabulate 
these values for each well s i t e but table 5:19 summarises the 
information so derived. This table also summarises the r^ values 
derived f o r each well from the stepwise regression procedure. I t can 
be seen that Well 2 and Well 7 do not have s i g n i f i c a n t regressions. 
Further comments regarding these features are outlined i n section 
5:6:2. 
Table 5:19 Significance of Stepwise Regression Coefficients and r^{%) 
values 
Well r2 % F-Ratio (calculated) F-Ratio at 0.01 
Significance Level 
1 63.10 9.53 3.12 
2 9.32 0.57* 
3 48.53 5.25 
4 67.15 13.13 
6 74.83 16.56 
7 33.37 2.79* 
9 48.46 4.97 
10 70.55 13.35 
11 55.34 6.9 
12 55.80 7.04 •• 
13 86.49 35.81 *• 
14 68.87 12.32 
15 66.28 10.95 
* Regression equations are not s i g n i f i c a n t at 0.01 l e v e l 
5:6:8 Discussion of the Stepwise Regression Procedure Results 
Although the stepwise regression procedure appears to have 
produced some useful r e s u l t s , the technique i t s e l f may not be an 
e n t i r e l y suitable method for analysing groundwater fl u c t u a t i o n s i n the 
Narrator Valley. The seasonal trends i n input to the catchment, w i l l 
be s i m i l a r l y received and re f l e c t e d by the o v e r a l l change i n reservoir 
levels at the downstream end of the v a l l e y . Reservoir levels show a 
greater magnitude of these responses to inputs and t h i s may mask any 
c o r r e l a t i o n with other explanatory variables. 
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Seasonal trends w i l l be of a s i m i l a r magnitude i n most s i t u a t i o n s 
i n the catchment, and i t i s highly probable t h a t , given a longer data 
c o l l e c t i o n period, i t would be possible to remove observed trends, and 
such data could be more use f u l l y correlated. In the f i r s t instance 
water-levels i n the catchment were regarded as t y p i f y i n g recharge-
responses of a common homogeneous aquifer, which has been shown not to 
be the case i n the Narrator Brook Catchment. As a consequence of a 
multi-aquifer system composed of perched watertables at d i f f e r i n g 
elevations, predictive equations derived from the stepwise regression 
procedure may not be v a l i d for a l l cases i n the Narrator Brook 
Catchment. 
5:7 Conclusions 
In general, i t has been observed i n the Narrator Valley ground-
water network, that changes i n water-levels can be a t t r i b u t e d to the 
i n f i l t r a t i o n of p r e c i p i t a t i o n towards the saturated zone. Water-level 
fluctuations and r a i n f a l l amounts of the week pr i o r to water-level 
determination are strongly correlated, and as such observed water-
lev e l changes are u n l i k e l y to be caused by a i r entrapment i n the 
unsaturated zone. Water-level f l u c t u a t i o n s appear to behave i n accor-
dance to seasonal trends experienced on Dartmoor, r e s u l t i n g i n the 
normal pattern of higher winter l e v e l s and lower summer lev e l s . Any 
lack of coincidence between water-levels and weekly r a i n f a l l t o t a l s i n 
some areas of the valley suggested that there i s a s i g n i f i c a n t small 
scale v a r i a t i o n i n the rates which d e f i c i t s are s a t i s f i e d , and that 
some wells have lagged response time dependent upon s i t e conditions. 
The main features of contrast between the observation wells 
appear to be the magnitude of the d i f f e r e n t responses of the water-
levels to r a i n f a l l input. On t h i s basis an analysis of hydrograph 
amplitude was carried out, providing a method of d i v i d i n g the ground-
water network up i n t o hydrogeologlcally determined groupings. Three 
groups of wells were derived e x h i b i t i n g d i f f e r e n t f l u c t u a t i o n charac-
t e r i s t i c s which could be a t t r i b u t e d to topographical l o c a t i o n , and 
s i t e l i t h o l o g y . Well groupings derived from water-level change maps, 
standard deviation of water-level f l u c t u a t i o n and analysis of variance 
produced a s i m i l a r pattern of w e l l groups I n the Narrator Valley. 
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The use of the stepwise regression procedure i n the Narrator 
Valley produced three d i s t i n c t hydrogeological provinces delineated by 
antecedent catchment parameters common to a l l observation w e l l s , i n 
association with i n d i v i d u a l water-level f l u c t u a t i o n s . Province 1 i s 
regarded mainly as a recharge area characterised by Wells 1, 9, 10, 
13, 14, 15, w h i l s t Province I I i s predominantly a discharge zone 
t y p i f i e d by the cha r a c t e r i s t i c s of Wells 3, 4, 11 and 12. Province 
I I I i s represented by Wells 2, 6 and 7 having anomalous f l u c t u a t i o n 
c h a r a c t e r i s t i c s , r e l a t i v e to other wells i n the catchment. A l l of the 
well groupings u t i l i s e d show a persistent feature of a three-fold 
hydrogeological d i v i s i o n of the wells i n the weathered granite 
aquifer. 
Although the use of the stepwise regression procedure produces a 
di v i s i o n of the wells i n the va l l e y aquifer which corroborates with 
other methods used, the results must be viewed with some caution. 
Tests of significance on the selected regression equations, and the 
analysis of residuals, indicates that the use of the model i n the 
Narrator Valley i s not an out r i g h t success. I t i s proposed that 
further variables, such as parameters describing grain size d i s t r i -
bution, permeability v a r i a t i o n s , thicknesses of i n d i v i d u a l materials 
and variations at a w e l l s l t e , incidence and duration of s i t e f l o o d i n g , 
variations I n r i v e r stage, along with slope p o s i t i o n and elevation, 
may produce more meaningful pre d i c t i v e equations. 
Hauser (1974) noted that the te n t a t i v e and suggested nature of 
the findings obtained by using a stepwise regression procedure must be 
stressed, since they should not be presented i n the trappings of 
rigorous s t a t i s t i c a l inference, which are not applicable to the tech-
nique. I n the attempt to i s o l a t e the important c o n t r o l l i n g 
Independent variables on water-level f l u c t u a t i o n s i n weathered granite 
aquifers, the results from the Narrator Brook Valley h i g h l i g h t the 
usefulness of the stepwise regression procedure as an exploratory 
technique. 
The groundwater contour maps produced f o r the south-western 
portion of the Narrator Brook Catchment, as presented i n Section 
j:3:2, may be somewhat misleading. For the construction of any 
groundwater contour map the basic assumption I s that the aquifer i s 
homogeneous, which Is not the case i n the Narrator Brook Valley. The 
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heterogeneity of the valley materials i s i l l u s t r a t e d by the d i s t r i -
bution of clay lenses Interspersed between sands, g r i t s , gravels and 
cobbles I n the borehole logs I n Appendix 1. Perched watertables whose 
d i s t r i b u t i o n varies s p a t i a l l y and temporarily i n the weathered 
granite, r e s u l t i n large variations i n the depths to the watertable i n 
the Narrator Brook Valley. As a consequence the groundwater l e v e l 
contour maps produced must be of a t e n t a t i v e nature only. 
From a consideration of s o i l moisture data collected i n the 
Narrator Brook, i n association with seasonal v a r i a t i o n s i n water-
levels and p r e c i p i t a t i o n , the evidence suggests that recharge I s 
taking place to the granite groundwater system before any s o i l 
moisture d e f i c i t i s made good. The s o i l cover, l i k e the underlying 
weathered g r a n i t i c materials possesses s p a t i a l v a r i a t i o n s dependent on 
s i t e l i t h o l o g y . Any i n f i l t r a t i n g water i n the unsaturated zone i s 
transmitted from the surface towards the watertable w i t h i n a one to 
four week period i n the v a l l e y . 
The v a r i a t i o n s i n spring discharge w i t h antecedent meteorological 
factors was examined i n the case of Spring 12/13 i n the catchment. 
Good c o r r e l a t i o n was observable between the spring discharge and the 
p r e c i p i t a t i o n lagged by a two-week period, g i v i n g a c o r r e l a t i o n 
c o e f f i c i e n t of 0.466 s i g n i f i c a n t at 0.01 l e v e l . Spring 12/13 i s not 
considered to be representative of a l l the springs I n the catchment, 
but the derivat i o n of a recession period of fourteen and a half weeks 
without recharge, indicates the s t a b i l i t y and importance of the 
groundwater component i n the Narrator Brook Valley. 
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Chapter 6 
Aquifer Properties i n the Narrator Brook Catchment 
6:1 Introduction 
Quantitative groundwater investigations are an i n t e g r a l part of a 
complete evaluation of the occurrence and a v a i l a b i l i t y of groundwater 
resources* The worth of an aquifer as a source of water depends 
largely upon two inherent c h a r a c t e r i s t i c s , i t s a b i l i t y to store and to 
transmit water (Lohman 1972). These c h a r a c t e r i s t i c s are refe r r e d to 
as the storage c o e f f i c i e n t (S) and the tra n s m i s s i v l t y ( T ) . These two 
•formation constants' are generally considered as the physical indices 
of the aquifer c h a r a c t e r i s t i c s , and are used as the basis f o r the 
the o r e t i c a l prediction of the future y i e l d of groundwater i n storage 
(Alexander 1977). 
6:1:1 D e f i n i t i o n s 
The transmissivity (T) of an aquifer i s the rate at which water 
of the pre v a i l i n g kinematic v i s c o s i t y i s transmitted through a u n i t 
width of an aquifer for the f u l l saturated thickness under a u n i t 
hydraulic gradient. I t has the dimensions of T~^t and 
Kb 
where b i s the saturated thickness of an aquifer and K i s the 
hydraulic conductivity. 
Hydraulic conductivity (K) i s the amount of flow per u n i t cross-
sectional area of an aquifer, under the influence of a u n i t gradient 
and has the dimensions of L.T.-^. Lik e l y ranges for T and K i n some 
of the aquifers i n the U.K. are outlined i n section 6:6. 
The storage c o e f f i c i e n t or s t o r a t i v i t y (S) i s defined as the 
volume of water an aquifer releases from or takes i n t o storage per 
unit surface area of the aquifer per u n i t change i n head. (S) i s a 
dimensionless c o e f f i c i e n t . l a confined aquifers (S) has magnitudes of 
10-** to 10-^, which, according to Jacob (1940) depends on the 
e l a s t i c i t y of the aquifer material and compressibility of the water. 
Consequently considerable pressure changes over large areas are 
required to produce substantial y i e l d s . 
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For unconflned aquifers (S) I s equivalent to Che s p e c i f i c y i e l d 
(Sy). Specific y i e l d Is defined as the percentage of gross volume of 
water from the aquifer released under g r a v i t y . For sandy materials 
(Sy) may be In the range 0.1-0.2 (Kruseman and De Ridder 1970). The 
spe c i f i c yields of unconflned aquifers are much higher than the 
s t o r a t l v l t l e s of confined aquifers. Freeze and Cherry (1981) 
suggested that Che usual range of Sy I s 0.01-0.30. These higher 
values r e f l e c t the fact that releases from storage I n unconflned 
aquifers represents an actual dewaterlng of the pores» whereas 
releases from storage I n confined aquifers represent only the 
secondary ef f e c t s of water expansion and aquifer compaction caused by 
changes I n the f l u i d pressure. 
6:1:2 Flow Conditions I n an Aquifer Induced by Pumping 
1. Unsteady state or non-equlllbrlum 
This occurs the moment pumping of an aquifer s t a r t s u n t i l a 
steady state I s reached. Consequently I n an I n f i n i t e , h o r i z o n t a l , 
completely confined aquifer of constant thickness pumped at a steady 
rate, there w i l l always be an unsteady state as long as the changes of 
water l e v e l with time, due to pumping alone, are measurable. 
2. Steady state or equilibrium 
This occurs when there I s equilibrium between the discharge of 
the pumped well and the recharge of the aquifer by an outside source. 
In practice I t Is rarely achieved, but a steady state Is assumed when 
changes I n drawdown with time have become n e g l i g i b l e , or the hydraulic 
gradient becomes constant. 
Two types of flow equations e x i s t I n the l i t e r a t u r e ; those 
describing steady state flow, and those describing unsteady state 
flow. The derivat i o n of equations f o r unsteady state groundwater flow 
are outlined i n section 6:2 but fo r purposes of the analysis of 
groundwater conditions i n the Narrator Valley, steady state flow i s 
not considered i n great d e t a i l . 
6:2 Groundwater Flow Equations 
The flow of f l u i d s through a porous media i s governed by the laws 
of physics. Flow i s a function of several variables, and can be 
described by p a r t i a l d i f f e r e n t i a l equations i n which the s p a t i a l 
coordinates, x, y, z and time t , are Independent variables. The basic 
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law of flow i s expressed by Darcy's equation of l i n e a r seepage given 
by: 
V = -k' [1] 
dx 
where V = v e l o c i t y 
k = permeability 
~ = change i n hydraulic gradient, 
dx 
In the Darcy flow equation (k) i s a constant. • 
Darcy's equation, when put together with an equation of 
con t i n u i t y that describes the conservation of f l u i d mass^ during flow 
through a porous medium, results i n a p a r t i a l d i f f e r e n t i a l equation of 
flow and i s derived as follows: 
S i m p l i f i c a t i o n of the con t i n u i t y equation results i n 
av dV dV 
— + ^ + _ i = 0 [2] 
dx dy dz 
Substitution of Darcy's equation f o r V^, and yields the equation 
of flow f o r steady state through an anisotropic saturated porous 
medium: 
dx ^ dx dy y dy dz ^ d3 
The co n t i n u i t y equation, for transient flow i n a saturated porous 
medium, expresses the net rate of f l u i d mass flow i n t o an element 
volume of the aquifer as being equal to the time rate of change of 
f l u i d mass storage w i t h i n the element volume. This i s given as: 
a(pV ) d(pV ) d(pV ) X y z dp dn ,, , + i _ + = n _ + p — [4] 
dx dy dz 5t dt 
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Changes In ( p ) , water density, and change I n (n) porosity, are both 
produced by a change I n hydraulic head ( h ) , and the volume of water 
produced f o r a u n i t decline I n head I s ( s p e c i f i c storage)* The 
mass rate of water produced (time rate of change of f l u i d mass 
storage) Is pS 5h/5t. Substituting t h i s expression i n t o equation 
[ A ] , eliminating ( p ) . I n s e r t i n g Darcy's equation and rearranging the 
equation we obtain: 
^ ) . ^ ( U 3 ^ ) = S ^ ^ [5] 
dx dx ay ^ ay dz d3 ^ at 
This Is the equation of flow f o r transient flow through a saturated 
anisotropic porous medium* I f the aquifer medium Is homogeneous, and 
Isotropic of thickness b, s = b, and T = kb. then equation [5] 
reduces to: 
a^h ^ a^h ^ s ah 
• + + — - = — — [oj 
ax^ dy2 dz^ T at 
The values f o r (S) and (T) can be determined by aquifer tests 
employing a v a r i e t y of methods of analysis using the non-equlllbrlum 
theory. 
6:2:1 The Development of Methods f o r Determining Aquifer 
Characteristics 
The Thels (1935) non-equlllbrlum theory has been u t i l i s e d by 
numerous Investigators, predominantly I n the U.S.A. and U.K. and 
modified to f a c i l i t a t e I t s use under a v a r i e t y of flow conditions as 
summarised In Table 6:1. The Thels formulae take Into account time 
and the storage c h a r a c t e r i s t i c s of an aquifer and Is given as: 
u 
0 /« e~ 
S'r = -5- / — du [7] 
4TCT U U 
where S*r = drawdown In an observation w e l l a distance ( r ) from the 
pumped wel l 
Q = discharge of pumped well 
T = transmlsslvlty 
and (u) Is given by 
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u = [8] 
4Tt 
where t = time since pumping began 
S = storage c o e f f i c i e n t of the aquifer. 
The i n t e g r a l i n equation [7] i s usually w r i t t e n as W(u) the well 
function. W(u) i s evaluated from the series 
2 3 ^ 
W(u) = -0.5772 - l n ( u ) + u — + ^— + -ii— [9] 
2.2! 3.3! n.nl 
From equation [8] 
r 2 / t = i l u [10] 
therefore log (Sr) = log (Q/AnT) + log (w(u)) 
and log ( r ^ / t ) = log (4T/S) + log (u) 
Q/47IT and 4T/S are constant f o r a given t e s t , so the r e l a t i o n s h i p 
between log (Sr) and log ( r ^ / t ) are s i m i l a r to the re l a t i o n s h i p Log 
(W(u)) and log ( u ) . 
The method of solution f o r the Theis equation i s to plot Sr 
versus r ^ / t and W(u) versus (u) on separate but i d e n t i c a l scaled 
logarithmic paper. The plots are then superimposed keeping the axes 
p a r a l l e l and then adjusted u n t i l some portion of the two curves match. 
The coordinates of the match point are then taken and are substituted 
into equations [7] and [ 8 ] . This equation was developed p r i m a r i l y f o r 
use i n confined aquifers with unsteady state flow conditions. 
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Table 6:1 The U t i l i s a t i o n of the Non-equilibrium Theory i n the 
Development of Procedures to Determine Aquifer 'Formation Constants' 
Flow conditions 
i n the aquifer 
L o c a l i t y Other features Author(s) 
Unsteady state 
flow i n confined 
aquifers 
U.S.A. 
U.S.A. 
Graphical method 
Straight l i n e p l o t 
graphical methods ( S ) , 
(T) 
Theis (1935K 
Chow (1952) 
Graphical method which 
takes I n t o account 
the storage capacity 
of a large diameter 
well 
Steady state 
i n semi-
confined aquifer 
U.S.A. Graphical method which 
takes account of 
leakage 
Hantush and 
Jacob (1955) 
Unsteady state 
i n semi-
confined 
aquifers 
U.S.A. 
U.S.A. 
Single p l o t s t r a i g h t -
l i n e s o l u t i o n takes 
i n t o account the 
eff e c t s of P a r t i a l 
Penetration 
Step-drawdown pumping 
test analysis 
Hantush (1961) 
Walton (1962) 
Unsteady state 
i n unconfined 
aquifers with 
delayed y i e l d ; 
and i n semi-
unconfined 
aquifers 
U.K. 
U.S.A. 
U.K. 
Graphical methods 
allowing determina-
t i o n of a delay index 
as well as the 
standard (T) and (S) 
values. 
Graphical method which 
takes aquifer aniso-
trophy i n t o account 
Boulton (19s **-) 
P r i c k e t t (1965) 
Bouiton (1970) 
Cooper and Jacob (1946) modified the Theis equation by 
sim p l i f y i n g W(u), by assuming (u) to be small. The terms i n equation 
[9] a f t e r l n ( u ) were ignored, and these modifications allowed a single 
plot of drawdown versus time to be constructed, and a st r a i g h t l i n e 
solution of (T) and (S) was achieved. Cooper and Jacob's (1946) 
approach i s applicable i n semi-confined aquifers w i t h unsteady state 
flow conditions. Chow (1952) also developed a s t r a i g h t l i n e s o l u t i o n 
f o r the so l u t i o n of (T) and (S) suitable f o r unsteady state flow i n 
confined aquifers. 
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The assumptions on which the non-equilibrium equations are based 
are outlined below: ( a f t e r Theis, 1935) 
(1) the aquifer i s confined, h o r i z o n t a l , homogeneous, i s o t r o p i c , 
of uniform thickness and of i n f i n i t e areal extent 
(11) the pumping well i s of i n f i n i t e s i m a l diameter and f u l l y 
penetrates the aquifer 
( i l l ) flow to the pumped w e l l i s constant, r a d i a l , horizontal and 
laminar 
( I v ) a l l water comes from storage i n the aquifer w i t h i n the area 
of Influence of the pumped w e l l , and i s released from 
storage instantaneously with decline i n pressure 
(v) (T) and (S) are constant i n time and space* 
Further modifications of the non-equilibrium theory have centred 
around overcoming the r e s t r i c t i o n s dictated by the above f i v e 
assumptions, which rarely e x i s t under f i e l d conditions. Type curve 
and s t r a i g h t l i n e solutions were modified by Brown (1953), to use 
recovery drawdown data* This technique implies a constant discharge 
which i s extremely d i f f i c u l t to a t t a i n I n p r a c t i c e , but Todd (1959) 
co: nslders that recovery analysis provides an easy check on pumping 
test r e s u l t s * Hantush (1961) was the f i r s t to develop an unsteady 
flow equation i n r e l a t i o n to the e f f e c t s of p a r t i a l penetration of the 
water-bearing horizon by pumping we l l s , i n semi-confined aquifers. 
This author developed both a type-curve and s t r a i g h t l i n e method f o r 
the s olution of (T) and (S). 
The development of well hydraulics and the subsequent 
determination of aquifer hydraulic properties from the non-equilibrium 
theory was concerned p r i m a r i l y w i t h confined conditions. The work of 
Boulton (1963) i n i t i a t e d the development of approximate solutions 
enabling the calculations of unconfined aquifer hydraulic properties. 
The so l u t i o n of (T) and (S) In water table aquifers were 
attempted by P r i c k e t t (1965)* In unconfined aquifers g r a v i t y drainage 
i s not immediate, and use of the Theis equation r e s u l t s i n (S) which 
appears to vary with time. The significance of t h i s v a r i a t i o n w i l l 
depend upon the r a t i o of the depth of the aquifer to the drawdown, and 
at what stage of pumping the readings were made. Pr i c k e t t (1965), 
using the theory developed by Boulton (1963), developed a type-curve 
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s o l u t i o n which Incorporates a 'delay index* which accounts f o r slow 
drainage of the aquifer material. 
I n most cases a l l aquifer u n i t s possess a leakage component which 
i s incorporated i n t o type-curve s o l u t i o n s , by the use of a 'leakage 
factor' (Hantush and Jacob 1955). Papadopulos and Cooper (1967) 
produced a graphical technique which takes i n t o account Che storage 
capacity of a well i f the aquifer i s pumped by a large diameter w e l l . 
Boulton (1970) presented a graphical s o l u t i o n of (T) and (S) which 
takes aquifer anisotrophy i n t o account i n unconflned aquifers. 
A numerical model was developed by Rushton (1978) to estimate 
transmisslvlty and storage from pumped w e l l data l a confined aquifers. 
Evaluation of (T) by t h i s method i s usually possible but (S) i s 
d i f f i c u l t due to the problem of i d e n t i f y i n g the e f f e c t i v e radius of 
the pumped w e l l * This model can cope with aquifer boundaries, 
leakage, variable rates of discharge and recovery provided enough 
suitable data i s available (Rushton 1978). 
Modifications of the non-equilibrium theory have been undertaken 
i n order Co determine (S) and (T) values from recovery times of the 
water table as a response to a small volume of water being added or 
withdrawn from the w e l l . The development of b a i l e r and slug tests are 
discussed i n section 6:4, and the use of recovery data i s f u r t h e r 
discussed i n section 6:3. 
6:3 Pump Tests 
The determination of aquifer constants through pumping tests has 
become a standard step i n the evaluation of groundwater resource 
p o t e n t i a l (Freeze and Cherry 1979). A pumping test provides i n s i t u 
parameter values which are averaged over a large and more 
representative aquifer volume. Information on K, through the r e l a t i o n 
K = T/b and S can be determined from a single t e s t . Leakage factors 
can also be obtained from a groundwater system providing observations 
are made I n the aquifer and i n the less permeable zones i n the 
sequence. I n s t a l l a t i o n of a wel l network, i n order to provide 
adequate data for pump test analysis, c o n s t i t u t i n g b a s i c a l l y of a 
central pumping well and more than one observation w e l l , i s 
p r o h i b i t i v e l y expensive. Such a network i s probably only J u s t i f i a b l e 
where abstraction from the aquifer Is considered, and the test pump 
well can be used as an abstraction w e l l . 
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In the case of the Narrator Valley finances r e s t r i c t e d the number 
of wells i n s t a l l e d , and the hydrogeologlcal complexity resulted i n 
only one well at each s i t e penetrating a s i t e - s p e c i f i c set of 
geological conditions. As a consequence the well network at any 
location was not ideal f o r the provision of adequate data f o r pump 
test analysis. Despite less than i d e a l s i t u a t i o n s i n the Narrator 
Valley a more conventional pump te s t was conducted to provide a basis 
for comparison f o r the aquifer constants determined using d i f f e r e n t 
methods i n the catchment (section 6:6). 
6:3:1 Pump Testing i n the Narrator Valley 
A series of pump tests were carried out on selected observation 
wells i n the Narrator Brook, June 1980. A small suction pump with a 
portable generator was u t i l i s e d to pump wells 9, 10, 11 and 12, chosen 
on the basis of t h e i r proximity to one another to f a c i l i t a t e movement 
of the pump and generator. As these w e l l s , w i t h the exception of well 
9, were pumped dry a f t e r f i v e minutes of constant pumping at 
0.101 1 sec-^, a recovery pump test procedure was adopted. 
With recovery pump tests the residual drawdown (the difference 
between the watertable before pumping and the water l e v e l at some 
measured point during recovery) at any In s t a n t , w i l l be the same as i f 
the w e l l had continued to discharge, but a recharge w e l l w i t h the same 
flow had been introduced i n t o the system. This method implies a 
constant discharge (Q) which i s often d i f f i c u l t to control accurately 
under f i e l d conditions. 
Pr i o r to the i n s t a l l a t i o n of pump tubing at the base of the 
wells, the water l e v e l recording was taken. After pumping at a more 
or less constant rate for f i v e minutes determined by timing discharge 
i n t o a gallon bucket, the time was noted and the pump switched o f f . 
The water l e v e l recovery was timed at In t e r v a l s of every i minute f o r 
the f i r s t f i v e minutes; every 2 minutes f o r the next hour; and a f i n a l 
measurement taken i n the following hour. 
The recovery data f o r a l l wells was plotted as log S* (drawdown) 
versus log t (time) and the resultant curves (computer p l o t t e d ) are 
i l l u s t r a t e d i n Figures 6:2-6:5. As the data i s from recovery the 
water-level r i s e was reversed i n time before being plot t e d against 
( t ) . 
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The plotted curves show a s i m i l a r pattern i n that an elongated 
and fla t t e n e d 'S'-shape i s apparent, to varying degrees, along the 
four observed curves. I n i t i a l l y i t was assumed that the wells showed 
a delayed y i e l d response, and analysis using the Boulton (1964) type 
curves was considered. However, due to the short pumping duration i t 
was not thought to be an appropriate technique and as Boulton (1963) 
pointed out owing to the delayed y i e l d to the water table the very 
early time drawdown curve follows the Theis curve for an artesian 
aquifer. As such the Theis curve was used to determine (T) i n 
the Narrator Valley. 
The short rapid r i s e i n the early part of the recovery curves 
suggest the draining of the w e l l b a c k f i l l at each l o c a t i o n . This 
factor needs to be considered I n the l i g h t of the res u l t s from other 
methods and i s discussed i n section 6:6. The change between b a c k f i l l 
and aquifer material i n s i t u presents a ba r r i e r e f f e c t . This 
'barrier' Is gradually overcome i n the f l a t t e r part of the curves, 
figures 6:2-6:5, and where the l a t t e r part of the observed curve 
r i s e s , water i s being drawn from the surrounding formation. Hence 
th i s l a t t e r part of the recovery curve i s the only useful part of the 
pump test data obtained i n the Narrator Brook. 
The recovery curves were analysed using Theis non-equilibrium 
equation and type curve. The type curve used i s i l l u s t r a t e d i n Figure 
6:1. Todd (1959) suggested that the Theis non-equilibrium method i s 
applicable for analysis of the recovery data of a pumped w e l l . 
6:3:2 Theis Method 
A type curve of W(u) versus u to the same scale as the observed 
plot was produced. Figure 6:1. This type curve was superimposed on 
the observed curve so that the coordinate axes of the two curves were 
kept i n p a r a l l e l . A position was found whereby most of the plotted 
points of the l a t e r part of the data curve f a l l on a segment of the 
type curve. An a r b i t r a r y point along such a matching section was 
chosen and the corresponding coordinates W(u), and (u) on the type 
curve; and (S') and ( t ) on the observed data curve for t h i s 'match 
point' were determined i n each of the four cases i n the Narrator 
Valley. By s u b s t i t u t i o n i n t o equation [7J S' = W(u) as outlined 
4iiT 
i n section 6:2 a value of (T) was obtained. The storage (S) cannot be 
290 -
F i g u r e 6:1 THEIS TYPE CURVE 
H(U) 1E2 -
5 -
' l E l -
6 
2 
1
1
 1 
1 
1 
1
 
I 
1 
lEO — 
5 
2 
l E - 1 -
11 M 1 1 1 
r 
1 1 1 1 1 I I I I 1 1 1 1 I I I <l 1 1 1 1 1 I I I I 1 1 1 1 I I I \ 
l E - B l E - 5 l E - 4 l E - 3 3 
(u) 
JE-2 l E - 1 lEO l E l 
F i g u r e 6: 2 W e l l 9 Recovery 
l E l 
lEO 
Drawdown {m)(s'} 
8 -
8 -
7 
8 -
5 -
l E - 1 
J ' ' I ' J I I I 
Sa3m 
tm 20 minutes 
ru).95 xyo"^ 
J l _ L 
6 8 7 8 8 8 7 8 8 5 8 7 8 8 lEO l E l 1E2 
Time i n minutes (t) 
F i g u r e 6.3 W e l l 10 Recovery 
I 
l E l Drawdown (m) s' 
lEO 
l E - 2 
J I I I I ' I I I I I I M ' I I I I I 
SB Wm 
f a 30minutes 
VVfli)a 2 6 
(i5)= 0-22x10 
To OBOin/d 
-5 
J I I I I I M 
l E - l lEO 
Time I n minutes (t) 
l E l i E 2 
F i g u r e 6:4 Well 11 Recovery 
I 
l E l Drawdown (tn)s' 
a 
B 
7 
8 
5 
4 h 
lEO 
l E - 1 
J I I ' ' J i I I I 
t 8 3Om/nur0£ 
3-8 
(w)-3 0x10 
T. l-320/n'/rf 
J L I I I 
8 7 8 9 6 6 7 8 B 5 8 7 8 8 lEO l E l 1E2 
Time minutes [t) 
F i g u r e 6:5 Well 12 Recovery 
\ 
lEO Drawdown (m) s 
lE - 1 
s B 6m 
t • \00minutes 
(^)«8-4xl0" r - 0121 in/d 
l E - 1 lEO 2 3 4 5 
Tine minutes (t) 
5 8 7 8 8 1E2 
determined because the e f f e c t i v e radius of the pumped wel l cannot be 
measured without observation wells. 
Table 6:2 simmiarises the T values obtained using t h i s method. 
These results are further discussed i n section 6:6 In the l i g h t of 
slug test values achieved I n the Narrator Brook Catchment. 
Table 6:2 (T) Values using the Theis Method of Analysis 
Well T (m2/d) 
9 0.880 
10 0.180 
11 1.320 
12 0.121 
During the pumping tests Well 9 was the only w e l l which was not 
pumped dry. I t was pumped fo r a fur t h e r f i v e minutes a f t e r the end of 
the recovery period and showed l i t t l e v a r i a t i o n i n discharge rate 
during t h i s time. I t i s considered that generally the very short 
duration of pumping used i n these recovery tests may not have been 
s u f f i c i e n t to produce observed data plots suitable f o r accurate 
analysis by the Theis method. 
As the cost and complexity of aquifer tests increase, slug tests 
provide a cheaper and more rapid a l t e r n a t i v e i n that no long pumping 
periods are required to evaluate (T) and (S). The slug test technique 
was i d e a l l y suited to conditions i n the Narrator Brook f o r the 
following reasons: 
(1) Equipment could be transported and operated by one person i n 
some of the more inaccessible s i t e s . 
(11) As the observation w e l l at each s i t e was the only source to 
be tested, and there were no other observation boreholes to 
monitor the drawdown, the test was performed under suitable 
slug test conditions, and analysed accordingly. Such 
results are d i r e c t l y comparable with analysis of slug tests 
data from other weathered granite areas. 
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( l i i ) Continuous pumping from narrow wells was not possible In the 
Narrator Valley, so the withdrawal of a slug of water from 
selected wells was a more feasible proposition, 
6:4 The Use of Slug Tests I n Groundwater Investigations 
Well response tests or 'slug t e s t s ' measure the force free 
response of a well aquifer system to an abruptly Induced change of the 
water l e v e l i n the well (Van Der Kamp 1976)• With a slug t e s t (T) and 
(S) values are determined from the rate of recovery of the water l e v e l 
In a we l l a f t e r a certain volume or 'slug' of water was removed. 
Instantaneous lowering of the water l e v e l i n a we l l can be 
achieved by submerging a b a i l e r , l e t t i n g the water l e v e l reach 
equilibrium, and' then quickly withdrawing the b a i l e r . I f the aquifer 
i s highly permeable the water l e v e l may recover w i t h i n a few minutes. 
Such rapid rises can only be measured accurately with sensitive 
pressure transducers and fast response s t r i p chart recorders. The 
portion of the aquifer sampled by t h i s method i s much smaller than 
that for a standard pumping t e s t . As a r e s u l t the values .of (T) and 
(S) are s i t e s p e c i f i c , i n that they r e f l e c t the nature of the aquifer 
material i n the immediate v i c i n i t y of the test well only. 
6:4:1 The Development of Instantaneous Discharge or Recharge Aquifer 
Tests 
Skibltzke (1958) developed a method f o r determining the 
transmisslvlty from the recovery of the water l e v e l i n a we l l that had 
been balled. The 'bailer method' i s applied to a single observation 
of the residual drawdown a f t e r the time since b a i l i n g stopped. (T) i s 
computed by: 
S' 
12.57 T 1 
[111 
where S' 
V 
T 
t 
12.57 
residual drawdown ( f t ) 
volume of water removed i n one b a i l e r cycle (U.S 
gallons) 
transmisslvity 
time 
constant ( f o r U.S. q u a n t i t i e s ) 
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Transmissivlty i s computed by s u b s t i t u t i n g i n equation [11] the 
observed residual drawdown. The volume of the water (V) i s considered 
to be the average amount removed by the b a i l e r i n each cycle, and the 
summation of the reciprocal of the elapsed time, i n days, between the 
time each b a i l e r of water was removed from the w e l l , and the time of 
observation of residual drawdown. This i s sim i l a r to the Theis 
recovery method for determining (T) as outlined by Jacob (1963). 
Ferris and Knowles (195A) f u r t h e r developed Skibitzke's (1958) 
equation f o r determining ( T ) , but instead of a bai l e r method i t was 
referred to as a slug test technique. The effects of i n j e c t i n g a slug 
of water i n t o a well are i d e n t i c a l ( i n the opposite d i r e c t i o n ) except 
for t h e i r sign, to those of instantaneously b a i l i n g out a slug of 
water. That i s : the rate of water l e v e l decline following the 
i n j e c t i o n of a slug equals the rate of water l e v e l recovery following 
the withdrawal of a slug of equal volume. 
The method proposed by Ferris and Knowles (1954) f o r analysing 
the test data i s based on a s o l u t i o n that assumes a w e l l of 
i n f i n i t e s i m a l diameter and can be expressed as: 
H/H = r 2/4Tt [12] o c 
where = instantaneous head change i n the well 
H = head i n the well at time >0 
r = radius of well casing i n the i n t e r v a l over which the head c 
change takes place 
T = transmissivity 
t = time since the instantaneous head change. 
Transmissivity i s determined from the slope of an arithmetic p l o t 
of H or H/H against 1/t. Later Cooper et_ £l^ . (1967) presented a 
solution f o r a well of f i n i t e diameter, which has the form 
H/H^  = F(P,a) [13] 
where P = T^/r^' 
2 a = r S/r s c 
r = e f f e c t i v e radius of well s 
- 298 
F(P,a) = a function whose tables and graphs were presented f o r 
the f i v e orders of a 
10-^ - 10-5 (Cooper e t a l . 1967) 
10-^ - 10-^° (Papadopulos et a l . (1973) 
The Cooper et a l , (1967) equation was based on non-steady flow to a 
pumped, completely penetrating w e l l . Values f o r (T) and (S) are 
evaluated from type curves showing the best f i t with experimental data 
(Figure 6:9). 
Bouwer and Rice (1976) presented theory and equations f o r slug 
tests on p a r t i a l l y or completely penetrating wells I n an unconflned 
aquifer for a wide range of geometry conditions. The wells f o r t h e i r 
analysis may be p a r t i a l l y or completely perforated, screened, or 
otherwise open along t h e i r periphery. While these solutions were 
developed f o r unconfined aquifers using solutions developed f o r the 
augerhole and piezometer techniques to measure s o i l hydraulic 
conductivity, they may also be used for slug tests i n confined 
aquifers i f water enters the aquifer from the upper confining layer 
through compression or leakage, (Bouwer and Rice 1976). 
The slug test has not previously been widely used i n groundwater 
studies because p r i o r to the development of pressure transducers, the 
rapid water l e v e l changes associated w i t h the recovery~rate made 
accurate measurements very d i f f i c u l t . Except for Ferris et a l . (1962) 
standard hydrogeologlcal texts contain l i t t l e Information on the 
methods of measurement and analysis of t h i s technique. More recent 
papers. Cooper et^ a l . (1967), Papadopulus et aj.. (1973), Black (1978) 
have remedied t h i s s i t u a t i o n . Cooper et a l . (1967) presents a set of 
type curves f o r the solu t i o n of (T) while Papadopulus et a l . (1973) 
reviewed methods of analysing data and provides a d d i t i o n a l type curves 
fo r data with low storage c o e f f i c i e n t s . Black (1978) provided 
valuable Information on use of equipment i n the f i e l d , and a deta i l e d 
description of the subsequent analysis of slug test data. Two of the 
most recently published hydrogeological texts suggest the usefulness 
of the;slug test technique. Freeze and Cherry (1979) considered pump 
tests to be widely overused and that slug tests were more appropriate 
and could provide adequate (T) values. Fetter (1980) suggested that 
slug tests are appropriate for use i n low permeability materials and 
augered holes i n s o i l s horizons. I n the l i g h t of the above discussion 
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and the conditions i n the Narrator Valley, the slug test technique Is 
we l l suited f o r use In t h i s catchment* 
6:4:2 Field Equipment 
The equipment required f o r the slug test i s minimal when compared 
to that needed for a standard pumping t e s t . The slug i t s e l f , as used 
i n the Narrator Brook, comprised a hollow brass cylinder w i t h a b a l l 
valve i n i t s lower end. A f u l l d e scription of t h i s can be found i n 
Chapter 3. The b a l l valve i n the base of the tube allows the slug 
to be lowered beneath the water l e v e l with the minimum of disturbance, 
as recommended by Ferris and Knowles (1963). The two slugs used i n 
t h i s Investigation produced a v e r t i c a l displacement of 30 and 50 cm i n 
the wells. 
Other apparatus used included a battery-operated water l e v e l 
recorder, described i n Chapter 3, to measure the p o s i t i o n of the 
s t a t i c water l e v e l before the t e s t ; and a pressure-transducer capable 
of spanning 2 m, together with a cable which can be connected to a 
water-level monitor unit at the surface. This unit i s connected to a 
pen recorder which monitors the t e s t . The whole u n i t i s powered by a 
Honda portable generator or a 24 v o l t battery. 
6:4:3 Procedure to Perform a Slug Test 
1. Water l e v e l i s recorded. 
2. The pressure transducer, designed to measure water l e v e l 
change according to the v a r i a t i o n i n head above i t , i n a 
manner analogous to the operation of an aneroid barometer, 
is lowered to approximately 1.7 m below the s t a t i c water 
l e v e l . This ensures a i m span i n the water column with 
s u f f i c i e n t head above i n which the 'slug* can be allowed to 
f i l l up smoothly. 
3. The pressure transducer cable Is marked with adhesive tape 
at both depths of 0*7 m and 1.7 m below the l e v e l of the 
watertable. 
4. The chart span on the recorder i s then calibrated by s e t t i n g 
zero on the Water-Level Monitor (WLM) unit with the pressure 
transducer at 0.7 m below the s t a t i c water l e v e l , and f u l l -
scale d e f l e c t i o n with the pressure transducer at 1.7 m below 
the water table. The tape positions usually require 
a l t e r i n g by a t r i a l and error procedure u n t i l the chart can 
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FIGURE 6:6 
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be set to span 1 m precisely. The zero on the WLM unit can 
then be used to set the pen at a convenient point on the 
chart, usually with one of the 10 cm d i v i s i o n s on the chart 
paper, for ease of reference. 
5. The slug i s then lowered i n t o a p o s i t i o n j u s t below s t a t i c 
water l e v e l , taking care that i t does not i n t e r f e r e with the 
transducer already i n po s i t i o n . 
6. Time i s then allowed f o r r e - e q u i l l b r a t l o n as i l l u s t r a t e d on 
the sequential diagram Figure 7:6. This time length varies 
depending on the response of the w e l l under consideration. 
Those wells with a higher proportion of clay i n the aquifer 
matrix took longer to r e - e q u i l i b r a t e than those wells 
surrounded by coarser materials. Such responses can be 
monitored on the pen recorder. 
7. The chart recorder i s then set at the maximum speed 
(320 mm/sec) and the slug i s withdrawn as quickly and 
smoothly as possible. 
8. A trace i s recorded as I l l u s t r a t e d i n Figure 6:7 and the 
rate of return to equilibrium i s determined as outlined i n 
section 6:4:6. 
6:4:4 Observation Well Choice 
Slug tests were carried out on observation wells 1, 6, 7, 9, 10, 
12 and 14, p r i m a r i l y because these wells had a s u f f i c i e n t depth of 
water from the base of the screen to the watertable l e v e l i n which the 
pressure transducer could be safely set, without possible impedence by 
i n f i l l i n g from the base of the well screens. There was no damage of 
the casing down the tested lengths, and consequently movement of the 
slug i n close proximity to the transducer without snagging the cable 
i n these small diameter wells was s a t i s f a c t o r y * I n practice the 
r e p r o d u c i b i l i t y of the test i n the wells u t i l i s e d was found to be good 
and consistent traces were produced from wells tested several times i n 
one day, and tested again on the following way. An i n d i c a t i o n as to 
the representative form of traces produced can be seen i n Figures 6:8a 
and 6:8b. 
6:4:5 Derivation of Type Curves 
Various attempts have been made at analysing the resul t a n t head 
changes i n a well produced by a slug test (Black 1978). The basis of 
slug test analysis depends on the treatment of well column storage. 
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This may be approached In three d i f f e r e n t ways: 
1. The approach adopted by Ferris (1962) i s t o adopt a 
flow equation without water storage i n the observation w e l l . 
This makes the a n a l y t i c a l expression an extension of the 
Thels equation f o r a pumped well* 
2. The method proposed by Hvorslev (1951) which used a flow 
equation with water storage i n the observation w e l l , but 
without aquifer s t o r a t i v l t y . Boast and Klrkham (1971), 
Bouwer and Rice (1976) adopted t h i s same approach which 
approximates to watertable conditions. 
3. A flow equation f o r the r e d i s t r i b u t i o n of head a f t e r a 
sudden change, taking i n t o account observation w e l l storage 
and aquifer s t o r a t i v l t y , (Cooper et a l * 1967) which 
approximates to confined conditions. 
The flow equations mentioned i n 2 and 3 above are very s i m i l a r 
and are the most widely used. Black (1978) suggests a construction of 
both Bouwer and Rice (1976) and Cooper et a l . (1967) type curves i n 
order to ascertain which gives the best f i t to the r e s u l t s obtained 
from the slug t e s t , regardless of any preconception about aquifer 
conditions* I t i s very seldom that the results from a properly 
conducted slug test cannot be matched by the two analyses c i t e d above. 
I f a match cannot be obtained then e i t h e r the conditions do not 
s a t i s f y closely enough those involved i n the a n a l y t i c a l assumptions or 
some more p r a c t i c a l deviations, such as water running slowly down to 
the water l e v e l occurs (Black 1978). 
From the comparisons of type curves of Cooper £t a l . , Bouwer and 
Rice, Ferris et_ £l^., as constructed by Black (1978), the data obtained 
from the Narrator Valley was, by a v i s u a l appraisal observed to best 
f i t the Cooper et a l . analysis* On t h i s basis the type curves were 
constructed f o r t h i s analysis as outlined by Cooper, Bredehoeft and 
Papadopulus (1967) and used f o r the determination of (T) and (S) 
values i n the Narrator Brook Catchment. These type curves u t i l i s e d 
range from a = 10"^ to 10"^, as I l l u s t r a t e d i n Figure 6:9. Type 
curves f o r formations with very low storage c o e f f i c i e n t s were also 
plotted as recommended by Papadopulus et_ (1973), but were found to 
be unnecessary f o r the present analysis. 
6:4:6 Aquifer Parameters Determined by Cooper and Papadopulus Method 
From the chart record of the slug test the following parameters 
are derived: 
t = time i n seconds 
H = instantaneous change-igQ^ead ( a f t e r withdrawal of slug) o 
\ 
c 
I 
FIGURE 6:9 
Type curves for instantaneous change 
in wells of finite diameter 
a = 101-10-5 
Cooper, Bredehoeft Er Papadopulos(1967) 
B=Tt/rc2 
10 10 10 10 10 100 1000 
H = change i n water l e v e l when t > 0. 
The data f o r i n d i v i d u a l wells are p l o t t e d on semllogarithmic paper, on 
the same scale as the type curves, producing graphs of t vs H/H as 
o 
i l l u s t r a t e d on Figure 6:10. The curves so derived are matched against 
the type curves figur e 6:9 of Cooper et a l . (1967). With the 
arithmetic axes coincident, the data plot I s translated h o r i z o n t a l l y 
to a p o s i t i o n where the data best f i t the type curves as i l l u s t r a t e d 
i n Figure 6:10. Where the data coordinates are found to o v e r l i e the 
value Tt/r^^=1.0 on the type curve, a value f o r t i s ascertained, and 
(T) i s completed by 
1.0 r 2 
T = [14] 
where T - transmisslvlty 
r = radius of casing over which water l e v e l f l u c t u a t e s 
t = time 
The c o e f f i c i e n t of storage (S) i s determined from: 
r 2 
a = ^ S [15] 
r ^ c 
where a = value of the chosen type curve 
rJ ^  = radius of screen or open hole 
xj' = radius of casing 
S = storage c o e f f i c i e n t . 
The average water l e v e l s , measured i n the observation wells over 
the period the slug tests were conducted i n the Narrator Valley (June 
1979), were used to derive an estimate of the saturated thickness (b) 
of the aquifer at a sp e c i f i c point. The saturated thickness had to be 
assumed i n t h i s fashion due to the following factors: 
(1) no we l l penetrated s o l i d bedrock (although Well 7 h i t a more 
dense material between 10 and 15 metres) 
(11) inconclusive geophysical r e s u l t s concerning depth t o bedrock 
i n the Valley. 
The depth to the borehole base (from the surface) minus the depth 
to the average water l e v e l i n a p a r t i c u l a r w e l l was taken to equal the 
assumed saturated thickness at that point. As K = T/b (m day-^) an 
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estimate of hydraulic conductivity i s thus derived f o r each s i t e 
tested, using the (T) calculated from Cooper et_ method and the 
assumed saturated thickness. 
Table 6:3 Showing Assumed Saturated Thicknesses of the Aquifer i n the 
Narrator Brook Valley 
Well Assumed Saturated Thickness June 1979 
1 7.14 m 
6 3.69 
7 7.96 
9 11.26 
10 5.94 
12 6.06 
14 5.99 
6:4:7 Bouwer and Rice Analysis 
The Bouwer and Rice (1976) technique, which i s applicable to 
completely or p a r t i a l l y penetrating wells i n unconfined aquifers was 
used to estimate (K) and (T) values i n the Narrator Brook Catchment. 
The geometry of the wells and the associated symbols used are 
i l l u s t r a t e d i n Figure 6:12. 
Values of (Re) e f f e c t i v e radius of the w e l l , expressed as 
I n Re/rw were determined by an e l e c t r i c a l resistance network analogue 
by Bouwer and Rice (1976). They deduced the following empirical 
equation r e l a t i n g Re/rw to the well geometry: 
In Re/rw 1.1 
ln(H/rw) 
A+B I n [(D-H)/rw] 
L/rw 
[16] 
I n t h i s equation A and B are dimensionless c o e f f i c i e n t s that are 
functions of L/rw as shown i n Figure 6:11. 
I f ln[(D-H)/rw] i s greater than 6, a value of 6 i s chosen f o r the 
term ln[(0-H)/rw]. (This applies when the saturated aquifer thickness 
i s greater than H, i e H > b). I f D = H, the case for a f u l l y 
penetrating well the following equation i s used: 
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I n Re/rw = ( — ~ + - ^ ^ ] " [17] 
ln(H/rw) L/rw 
1 n which C Is a dlmenslonless parameter also a function of L/rw as 
shown I n Figure 6:11. 
In the case of the Narrator Brook analysis when D > H equation 
[16] was used and when D i s taken to equal equation [17] was used, 
to determine i n Re/rw i n each case. (D) i s synonymous with ( b ) , the 
saturated aquifer thickness. 
6:4:8 Determination of K (Bouwer and Rice) 
The flow i n t o the wel l at a p a r t i c u l a r value of y can be 
calculated by modifying the Theim equation to 
Q = 271 K L ^ [18] 
I n (Re/rw) 
where Q = flow 
K = hydraulic conductivity 
L = screen length 
y = v e r t i c a l distance between water l e v e l i n the w e l l and 
equilibrium water table i n the aquifer 
Re = e f f e c t i v e radius over which y i s dissipated 
rw = horizontal distance from w e l l centre to o r i g i n a l 
aquifer. 
The rate of r i s e , dy/dt of the water l e v e l i n a well a f t e r removing a 
slug of water can be related to the inflo w Q by the equation 
dy/dt = - Q/n r 2 [19] c 
where nr ^  = cross-sectional area of well where water l e v e l i s c 
r i s i n g . 
Combining [18] and [19] yields 
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i dt = — d t [20] 
y r 2 I n (Re/rw) 
c 
which can be I n t e g r a t e d t o 
I n y = - + constant [21] 
r 2 I n (Re/rw) c 
Applying the equation between l i m i t s a t t = 0 and s o l v i n g f o r 
K y i e l d s : 
r ^ i n (Re/rw) , y 
K = i I n ^ [22] 
2L t y t 
Values f o r ( t ) , y^ (water l e v e l a f t e r w i t h d r a w a l of s l u g ) and y t 
(water l e v e l a t some s p e c i f i e d time ( t ) a f t e r w i t h d r a w a l of s l u g ) can 
be obtained d i r e c t l y from the s t r i p c h a r t s o f the s l u g t e s t s conducted 
i n the N a r r a t o r V a l l e y . These values are s u b s t i t u t e d i n [22] above 
along w i t h I n Re/rw derived from e q u a t i o n [17] or equation [ 1 6 ] , and 
values f o r K are so d e r i v e d . (T) values by t h i s method are obtained 
by m u l t i p l y i n g K by the assumed s a t u r a t e d t h i c k n e s s o f the a q u i f e r a t 
a s p e c i f i c s i t e , see Table 6:4. 
6:5 Slug Test Parameters i n the N a r r a t o r V a l l e y 
Van Der Kamp (1976) suggested t h a t a w e l l a q u i f e r system responds 
i n a manner analogous to the c l a s s i c a l mechanical system of a mass on 
a s p r i n g i n a viscous medium. The water i n a w e l l corresponds t o the 
mass, and the a q u i f e r corresponds to the s p r i n g * Depending on the 
mass of water i n the w e l l and the h y d r a u l i c c h a r a c t e r i s t i c s o f the 
a q u i f e r , e s p e c i a l l y i t s c o n d u c t i v i t y , the response of the water l e v e l 
i n a w e l l may be as an overdamped o s c i l l a t o r , a c r i t i c a l l y damped 
o s c i l l a t o r , or an underdamped o s c i l l a t o r . 
I n an underdamped case the water l e v e l o s c i l l a t e s about the 
e q u i l i b r i u m l e v e l . I n an overdamped case the water l e v e l r e t u r n s t o 
e q u i l i b r i u m l e v e l I n an approximately e x p o n e n t i a l manner. The 
c r i t i c a l damping case i s the t r a n s i t i o n between these two types of 
response. The water l e v e l o s c i l l a t i o n s f o r the N a r r a t o r V a l l e y f o l l o w 
the case f o r the overdamped c o n d i t i o n s , and as such are r e a d i l y 
analysed by the methods o u t l i n e d by Cooper et^ a l . (1967). 
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The value o f ( a ) i s chosen from the type curve p l o t s as being the 
curve w i t h which the observed data p o i n t s c o i n c i d e . The matching o f 
the observed p l o t s depends upon the shapes o f u n i q u e l y curved type 
curves, which d i f f e r o nly s l i g h t l y when ( a ) d i f f e r s by an o r d e r o f 
magnitude. Hence a d e t e r m i n a t i o n o f (S) by t h i s method has 
questionable r e l i a b i l i t y (Cooper e t a l , 1967). However, an e s t i m a t e 
of (S) w i t h i n an order of magnitude can be made from a c o n s i d e r a t i o n 
of the g e o l o g i c c o n d i t i o n s , and hence some ( a ) values.can be 
e l i m i n a t e d , and the a p p r o p r i a t e type curve chosen (Papadopulus e t a l . 
1973). The d e t e r m i n a t i o n of (T) i s not so s e n s i t i v e t o the matching 
of the curves. 
6:5:1 Results 
T r a n s m l s s i v i t y , h y d r a u l i c c o n d u c t i v i t y and storage values d e r i v e d 
from the slug t e s t s are presented i n Table 6:4. Two columns o f (T) 
and (K) values are depic t e d as being d e r i v e d from the Bouwer and Rice 
method. The f i r s t column corresponds t o the s i t u a t i o n where H = b, 
the second column to where H > b. 
The v a r i a t i o n between these two columns f o r the Bouwer and Rice 
method can be a t t t r l b u t e d to I n h e r e n t e r r o r s i n the method o f 
e s t i m a t i n g h y d r a u l i c c o n d u c t i v i t y when H = b. I f H = b then the w e l l 
i s deemed t o be f u l l y p e n e t r a t i n g , which I s not the case i n the 
Na r r a t o r V a l l e y . Since no d e f i n i t i v e depths t o the g r a n i t e basement, 
and hence s a t u r a t e d thicknesses are known, these two d i f f e r e n t 
assumptions were adopted i n deter m i n i n g t r a n s m l s s i v i t y and h y d r a u l i c 
values. I t i s l i k e l y t h a t the c o n d i t i o n H > b holds f o r the N a r r a t o r 
Brook Catchment. 
Values o f t r a n s m l s s l v i t y and storage were d e r i v e d using estimates 
of the s a t u r a t e d thickness being 10%, 40% and 60% l a r g e r than the 
average s a t u r a t e d thickness adopted f o r each s i t e . These values are 
i l l u s t r a t e d i n Table 6:5 f o r the Bouwer and Rice a n a l y s i s where H > b. 
I t can be seen from t h i s t a b l e t h a t as the s a t u r a t e d t h i c k n e s s 
Increases, both h y d r a u l i c c o n d u c t i v i t y and t r a n s m i s s i v i t y i n c r e a s e i n 
a s i m i l a r p r o p o r t i o n . 
The v a r i a t i o n between the Cooper e t a l . (1967) and the Bouwer and 
Rice (1976) a n a l y s i s as summarised i n t a b l e 6:4 i s more d i f f i c u l t t o 
e x p l a i n . I n the f i r s t i n s t a n c e i t may be a t t r i b u t a b l e t o the f a c t 
t h a t the a n a l y s i s of the slug t e s t as o u t l i n e d by Cooper et^ a l . 
(1967), was developed f o r use i n a co n f i n e d a q u i f e r , and as such some 
of the assumptions made i n the unconfined case, are not v a l i d when 
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using t h i s method. However, Bouwer and Rice (1976) pointed out t h a t 
both methods are compatible, and t h a t h y d r a u l i c c o n d u c t i v i t y or 
t r a n s m i s s i v i t y c a l c u l a t e d w i t h e q u a t i o n [22] should be of the same 
order as h y d r a u l i c c o n d u c t i v i t y c a l c u l a t e d w i t h the type curve f i t t i n g 
procedure o f Cooper £t a l , (1967). 
I n the l i g h t of the independent streamflow and baseflow 
components and t h e i r a n a l y s i s , as o u t l i n e d i n Chapter 4, I t i s 
considered t h a t the Bouwer and Rice values i n Table 6:4 are l i k e l y t o 
be more r e p r e s e n t a t i v e of a q u i f e r constants o f the weathered g r a n i t e 
a q u i f e r , i n the Narra t o r Brook Catchment. Mean (T) and (K) 
values h e n c e f o r t h a l l u d e d t o i n the N a r r a t o r V a l l e y w i l l r e f e r t o the 
average of parameters d e r i v e d using the Bouwer and Rice (1976) 
technique. An average value f o r ( T ) i n the catchment i s 5.42 m^  d~^ 
w i t h an average catchment h y d r a u l i c c o n d u c t i v i t y o f 1.106 m d"^. 
These average values exclude Well 7 r e s u l t s as these are e x c e p t i o n a l l y 
high. 
6:5:2 S p a t i a l Patterns 
Averaged values f o r ( T ) and (S) d e r i v e d from the slug t e s t 
technique are o u t l i n e d i n Table 6:4. The highe s t (T) and (K) were 
recorded a t S i t e 7, 210.47 d"^ amd 26.43 m d"! r e s p e c t i v e l y . S i t e 
7 i s s i t u a t e d i n a low topographic p o s i t i o n and I n an area w i t h a low 
h y d r a u l i c g r a d i e n t as i l l u s t r a t e d i n f i g u r e 5:6 Chapter 5. From a l l 
the parameters measured d u r i n g t h i s present i n v e s t i g a t i o n i n the 
catchment. S i t e 7 f e a t u r e s are markedly d i f f e r e n t , suggesting 
d i f f e r e n t a q u i f e r p r o p e r t i e s a t t h i s l o c a t i o n . The hi g h (K) and (T) 
values may be a t t r i b u t e d t o the i n t e r c e p t i o n o f f i s s u r e f l o w i n t h i s 
l o c a t i o n . 
Away from s i t e 7, (T) values f a l l t o a mean o f 8.73 m^  d~^ a t 
S i t e 9, and a mean value o f 6.134 m^  d"^ at S i t e 12 (Table 6:6) (T) 
values become lower w i t h i n c r e a s i n g topographic height up t o 
Sheepstor, and i n c r e a s i n g c l a y content as i l l u s t r a t e d by the borehole 
logs a t these t o p o g r a p h i c a l l y h i g h e r s i t e s . This apparent i n f l u e n c e 
on (T) values i s also shown on the n o r t h side o f the v a l l e y where S i t e 
6 (220.24) and s i t e 1 (239.51 m) have ( T ) values 3.31 m^  d"^ and 
1.72 m d-* r e s p e c t i v e l y . Higher ( T ) values would have been expected 
on the h l l l s l o p e l o c a t i o n s such as S i t e 1, because o f the h i g h e r sand 
and g r i t content i n the p r o f i l e . However, the d r i l l i n g e f f e c t s , due 
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Table 6:4 Results o f Slug Test A n a l y s i s 
Narrator Brook Catchment June 1979 
Cooper»Bredehoeft, 
Papadopulus (1967) 
Bouwer and Rice (1976) 
A q u i f e r Constants H => b H > b 
Sit e s S T(m2 d-M K(m d-^) T(m2 d-1) K(m d-1 )T(in2 d-1 ) K(m d-^) 
9 10-3 
10-' 
10-^ 
10-^ 
10-^ 
0.79 0.07 
0.76 0.07 
1.00 0.09 
0.88 0.08 
1.22 0.11 
9.61 
9.34 
9.27 
15.35 
12.03 
0.85 
0.83 
0.82 
1.36 
1.07 
5.49 
5.34 
5.31 
8.78 
6.88 
0.49 
0.47 
0.47 
0.78 
0.61 
14 10-3 
10-3 
0.48 0.08 
0.17 0.03 
1.00 
0.84 
0.17 
0.14 
0.60 
0.50 
0.09 
0.08 
12 10-^ 1.38 0.23 7.70 1.270 0.60 , 0.09 
10 10-3 
10-5 
0.82 0.14 
1.30 0.22 
not s u i t a b l e f o r t h i s a n a l y s i s 
1 10-^ 0.34 0.05 2.17 0.30 1.276 0.18 
7 not s u i t a b l e f o r t h i s a n a l y s i s 266.03 
265.58 
83.42 
33.36 
155.28 
155.02 
19.5 
19.5 
6 10-^ 0.11 0.03 
not s u i t a b l e f o r t h i s a n a l y s i s 
7.17 
1.06 
* 1.94 
0.29 
4.386 
0.652 
1.19 
0.18 
Mean 10-3 0.77 0.098 46.70 5.83 27.236 3.40 
Mean e x c l u d i n g Well 7 6.868 0.82 3.979 1.39 
General catchment ranges T = 5.42 -- 36.96 m2 d-1 K = 1.11 - 4.61 m d-^ 
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Table 6:5 Changes i n (K) and (T) w i t h s a t u r a t e d t h i c k n e s s of the 
a q u i f e r 10%, 40% and 60% l a r g e r than the estimated average value o f 
( b ) at each s i t e 
Bouwer + Rice (1976) method H>b 
K and T values when s a t u r a t e d t h i c k n e s s 
of a q u i f e r are a t c e r t a i n percentages 
l a r g e r than estimated ( b ) 
Sit e s 
K(m/d) T(m2/d) 
10% 
K(m/d) T(m2/d) 
40% 
K(m/d) T(m2/d) 
60% 
K(m/d T(m2/d) 
S i t e 9 
b=l1.26m 0.17 1.91 0.17 2.60 0.16 2.60 0.16 2.95 
S i t e 14 
b= 5.99m 0.78 0.78 0.78 9.72 0.80 12.56 0.80 14.48 
S i t e 12 
b= 6.06m 0.75 4.57 0.76 5.06 0.78 6.58 0.78 7.58 
S i t e 1 
b= 7.14m 0.18 1.28 0.18 1.42 0.18 1.85 0.19 2.12 
S i t e 7 
b= 7.96m 19.50 155.28 19.66 172.08 20.09 222.82 20.22 257.47 
S i t e 6 
b= 3.69m 1.19 4.39 1.20 4.86 1.23 6.33 1.24 7.33 
t o the smearing of c l a y over the d r i l l e d surfaces may w e l l account f o r 
the lower values experienced. 
Table 6:6 A q u i f e r h y d r a u l i c p r o p e r t i e s of s e l e c t e d s i t e s i n the 
Na r r a t o r Brook 
Topographic S i t e s T(m2/d) T(m2/d) K(m/d) K(m/d) 
Height Range Mean Range Mean 
248.09 m 14 0.50 - 1.0 0.73 0.08 - 0.17 0.12 
242.44 m 12 4.56 - 7.70 6.13 0.75 - 1.27 1.01 
239.51 m 1 1.28 - 2.174 1.73 0.18 - 0.30 0.24 
237.62 m 9 5.31 - 15.35 8.73 0.47 - 1.36 0.77 
228.33 m 7 155.02 -266.03 210.47 19.47 -33.42 26.43 
220.24 m 6 0.65 - 7.17 3.32 0.18 - 1.94 0.892 
The occurrence of an I n c r e a s i n g c l a y content i n the l i t h o l o g l e s around 
the screened s e c t i o n s of the o b s e r v a t i o n w e l l s , w i l l I n f l u e n c e the (S) 
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and (T) values. Clay l i t h o l o g i e s w i l l impede f l o w and hence lower (T) 
and (K) values i n a given l o c a l i t y . 
6:5:3 Slug t e s t t r a c e s 
Some comment should be made a t t h i s stage concerning the t r a c e s 
derived from the s l u g t e s t s conducted. Data curves from the s l u g 
t e s t s were f i t t e d w i t h the Cooper e t a l . (1967) type curves as 
described i n Section 6:4:5. Those which were not s u i t a b l e f o r 
an a l y s i s by t h i s method showed anomalous recovery curves as i s the 
case o f Well 7 ( F i g u r e 6:8b) and Well 6. I n the case o f Well 7 
response t o the wit h d r a w a l of the s l u g was almost immediate, ( w i t h i n 
15 seconds), and consequently the H/Ho vs. t curve was very s h o r t and 
un s u i t a b l e f o r the Cooper and Papadopulus method of a n a l y s i s . Most of 
the traces u n s u i t a b l e f o r the Cooper and Papadopulus a n a l y s i s could be 
I n t e r p r e t e d v i a the Bouwer and Rice technique as o u t l i n e d i n 
Section 6:4:7. 
The f o l l o w i n g Table 7:7 i l l u s t r a t e s the range of r e - e q u l l i b r i u m 
times f o r the i n d i v i d u a l w e l l s : 
Table 6:7 R e - e q u l l l b r i u m times f o r s l u g t e s t e d w e l l s i n the 
catchment 
Well R e - e q u i l i b r i u m time (seconds) 
1 400, 400 
6 380, 140 
7 22, 27, 12 
9 160, 75, 180, 200, 165 
10 62, 50, 60 
12 180, 150 
14 1000, 1500 
Well 7, and Well 10 show the sm a l l e s t values of <70 seconds, and the 
l a r g e s t . Well 14, has values >1000 seconds. Well 6 showed some 
I r r e g u l a r f l u c t u a t i o n s about e q u i l i b r i u m l e v e l thought t o be the 
e f f e c t of the r e s e r v o i r o s c i l l a t i o n s nearby. As a r e s u l t of t h i s a 
m a j o r i t y of Well 6 traces were u n s u i t a b l e f o r any a n a l y s i s . 
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The sharp r i s e shown on the traces immediately before the main 
change due to the withdrawal of the s l u g , may i n d i c a t e the u p r i s i n g 
and subsequent f a l l i n g o f a column of water s t o r e d above the s l u g 
w h i l s t immersed below the s t a t i c water l e v e l . By a t r i a l and e r r o r 
method, such a peak on the t r a c e may be subdued by decreasing the head 
of water above the submersed s l u g . I n cases where such a peak cannot 
be so e l i m i n a t e d , i t may represent immediate storage e f f e c t s o f the 
for m a t i o n s t a b i l i s e r . 
Although as p r e v i o u s l y p o i n t e d o u t , the c o n d i t i o n H>b may hold 
f o r the Narra t o r V a l l e y , no p a r t i a l p e n e t r a t i o n c o r r e c t i o n s f o r the 
w e l l s have been made. P a r t i a l p e n e t r a t i o n adjustments are u s u a l l y 
only a p p l i c a b l e t o data from pumped w e l l s and o b s e r v a t i o n w e l l s i n an 
a q u i f e r w i t h pumping periods extending from a few hours t o s e v e r a l 
days (Hantush 1962). The d u r a t i o n of the s l u g t e s t f a l l s so f a r s h o r t 
of these c o n s t r a i n t s as t o make such adjustments i n v a l i d . 
6:5:4 A p p l i c a b i l i t y of r e s u l t s 
The d u r a t i o n of a s l u g t e s t I s very s h o r t hence the estimated (T) 
determined from the t e s t w i l l be r e p r e s e n t a t i v e o n l y of the water-
bearing m a t e r i a l close t o the w e l l , ( F e r r i s e t a l . 1962). V e r t i c a l 
p e r m e a b i l i t i e s of most s t r a t i f i e d a q u i f e r s are o n l y s m a l l f r a c t i o n s o f 
t h e i r h o r i z o n t a l p e r m e a b i l i t y (Cooper e t a l . 1976), t h e r e f o r e the 
induced f l o w w i t h i n the small radius o f the cone t h a t develops d u r i n g 
the short p e r i o d of o b s e r v a t i o n i s l i k e l y t o be e s s e n t i a l l y two-
dimensional. Consequently the determined t r a n s m i s s i v i t y approximates 
the t r a n s m i s s i v i t y of t h a t p a r t of the a q u i f e r I n which the w e l l i s 
screened. 
I f the a q u i f e r values r e f e r s t r i c t l y t o the c o n d i t i o n s 
Immediately around the w e l l , then care must be taken i n i n t e r p r e t i n g 
the r e s u l t s . Conditions i n the near v i c i n i t y o f the w e l l have 
i n v a r i a b l y been a l t e r e d t o some e x t e n t by the d r i l l i n g procedures. 
Black (1978) noted t h a t where holes were d r i l l e d u s i n g a mud-flush 
r o t a r y method, s l u g t e s t r e s u l t s gave K values lower by more than a 
f a c t o r of t e n , than the average value f o r the a q u i f e r as a whole. 
This was taken t o i n f e r s i g n i f i c a n t mud i n v a s i o n g i v i n g r i s e t o a 
s u b s t a n t i a l ' s k i n e f f e c t * . The compressed a i r f l u s h used i n the down-
the-hole hammer technique u t i l i s e d i n the N a r r a t o r V a l l e y , i s not 
considered t o have such a s u b s t a n t i a l e f f e c t , a l t h o u g h some smearing 
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of d r i l l e d surfaces i n the hole as c l a y and water mixes were blown out 
i s l i k e l y . 
6:5:5 Observation w e l l e f f e c t s : 
I n slug t e s t s , f l o w t o or from the w e l l , and t h e r e f o r e the r a t e 
of change of water l e v e l and i t s induced pressure d i f f e r e n c e , i s 
governed by the performance c h a r a c t e r i s t i c s of the o b s e r v a t i o n w e l l . 
I n groundwater i n v e s t i g a t i o n s the use o f o b s e r v a t i o n w e l l s range from 
long-term measurement of n a t u r a l groundwater f l u c t u a t i o n s t o s h o r t -
term m o n i t o r i n g o f a q u i f e r t e s t s . The f a c t t h a t o b s e r v a t i o n w e l l s 
themselves I n t r o d u c e e r r o r s was f i r s t recognised by Hvorslev (1951) 
and r e c e n t l y expanded by Black and Kipp (1977). Stallman (1965) using 
an e l e c t r i c a l analogue model, b r i e f l y considered p o s s i b l e response 
delays of water l e v e l s w i t h i n o b s e r v a t i o n w e l l s d u r i n g pump t e s t s . 
For long term observations f l u c t u a t i o n s can be approximated by a 
c y c l i c change about a mean water l e v e l . Hvorslev (1951) showed t h a t 
w i t h an increase I n w e l l response time the amplitude o f any c y c l i c a l 
f l u c t u a t i o n i s reduced and the t i m i n g a l t e r e d . Observation w e l l 
e f f e c t s d u r i n g a q u i f e r t e s t s are s i m i l a r i n t h a t the magnitude o f the 
e f f e c t Increases w i t h i n c r e a s i n g w e l l response time. 
The slug t e s t can provide a measurement of w e l l response time 
using the concepts of Hvorslev (1951) as used by Black (1978), Black 
and Kipp (1977). When 
lo = 
the w e l l response time can be obtained from the graph H/HO vs. t as 
i l l u s t r a t e d i n Figure 6:10. 
The f o l l o w i n g t a b l e 6:8 i l l u s t r a t e s c l e a r l y determinable w e l l 
response times f o r the Na r r a t o r V a l l e y . 
321 -
Table 6:8 Well response times 
Well Response time recorded 
(seconds) 
Average Response time 
(seconds) 
9 44, 60, 60, 60 56 
10 50, 40 45 
12 43 43 
1 180 180 
These response times are very small when compared t o values o f 
440, 740, 880 and 2830 minutes as r e p o r t e d by Black (1979) f o r the 
Carnmenellis g r a n i t e , Cornwall. The suggestion i s t h a t i n the 
Narrat o r Brook the o b s e r v a t i o n w e l l response times are so r a p i d t h a t 
i n the case of Wells 6, 7 and 14, these are not measurable. Black and 
Kipp (1977) noted t h a t w e l l response e f f e c t s are i n v e r s e l y 
p r o p o r t i o n a l to the a q u i f e r s t o r a t i v i t y so t h a t they are u n l i k e l y i n 
unconfined a q u i f e r s . 
6:6 Comparison o f Results from D i f f e r i n g Methods i n the E v a l u a t i o n o f 
A q u i f e r Constants i n the N a r r a t o r V a l l e y 
The pump t e s t c a r r i e d out i n the N a r r a t o r V a l l e y on s e l e c t e d 
w e l l s provided (T) v a l u e s . Table 6:2, which have l i t t l e i n common w i t h 
values derived from the s l u g t e s t s . Table 6:4. Well 9 i s an exception 
t o t h i s g e n e r a l i s e d case as i t s recovery t e s t value f a l l s w i t h i n the 
range suggested by slug t e s t e s t i m a t e s . During the pump t e s t Well 9 
was the only w e l l which was not pumped d r y suggesting a l a r g e r source 
area than Wells 10, 11 or 12. 
I t i s considered t h a t the short d u r a t i o n of the pumping time 
p o s s i b l e i n the o b s e r v a t i o n w e l l s , before recovery o c c u r r e d , was not 
s u f f i c i e n t t o provide s u i t a b l e data from which t o d e r i v e r e l i a b l e 
h y d r o g e o l o g i c a l parameters. This f a c t o r h i g h l i g h t s the v a l u a b l e 
nature of slug t e s t i n g i n the N a r r a t o r V a l l e y a q u i f e r . However, the 
main l i m i t a t i o n on s l u g t e s t s i s t h a t they are h e a v i l y dependent on a 
hig h q u a l i t y w e l l - i n t a k e s e c t i o n . I f the w e l l screen i s clogged 
measured values may be h i g h l y i n a c c u r a t e . Freeze and Cherry (1979) 
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proposed t h a t i f the w e l l has been developed by s u r g i n g or backwashing 
p r i o r t o t e s t i n g , then the measured values may r e f l e c t the increases 
i n c o n d u c t i v i t i e s i n the a r t i f i c i a l l y induced g r a v e l pack around the 
screen. I n c o n t r a s t Black (1978) noted t h a t K values can be lower by 
a f a c t o r o f t e n , where mud i n v a s i o n has taken place over the d r i l l e d 
surfaces i n a w e l l . 
On t h i s basis i t i s recognised t h a t t h e r e are some severe 
l i m i t a t i o n s i n the use of s l u g t e s t s i n the N a r r a t o r Brook a q u i f e r . 
Subsequent i n t e r p r e t a t i o n of r e s u l t s so d e r i v e d must be viewed w i t h 
c a u t i o n . D i r e c t evidence on the storage e f f e c t s from the f o r m a t i o n 
s t a b i l i s e r are a v a i l a b l e from the pumping t e s t s . The s h o r t r a p i d 
r i s e s i n the e a r l y p a r t of the recovery curves may suggest the 
d r a i n i n g of the w e l l b a c k f i l l a t each l o c a t i o n . I f the storage e f f e c t 
of the f o r m a t i o n s t a b i l i s e r i s l a r g e i n p r o p o r t i o n t o the s l u g o f 
water withdrawn, then a q u i f e r constants are more l i k e l y t o be 
r e p r e s e n t a t i v e of the h y d r a u l i c p r o p e r t i e s o f the f o r m a t i o n s t a b i l i s e r 
and not immediately a t t r i b u t a b l e t o the a q u i f e r c h a r a c t e r i s t i c s . 
I n the published l i t e r a t u r e a v a i l a b l e on s l u g t e s t i n g no 
reference i s made to the volumes o f slugs used i n each case, or the 
appropriateness of a known volume t o s p e c i f i c s i t e s i t u a t i o n s . I n the 
narrow w e l l s i n the N a r r a t o r Brook Catchment a l a r g e r s l u g volume may 
produce w e l l responses more c h a r a c t e r i s t i c of the a q u i f e r m a t e r i a l . 
I f the volume of the slug i s l a r g e enough i t may i n c o r p o r a t e storage 
e f f e c t s from the f o r m a t i o n s t a b i l i s e r , and hence produce a more 
c h a r a c t e r i s t i c w e l l response o f the a q u i f e r m a t e r i a l s . 
I n the Narrat o r V a l l e y two s l u g s i z e s were u t i l i s e d a t each s i t e 
s l u g t e s t e d , one of 150 ml and another o f 50 ml c a p a c i t y . The w e l l 
response of each s i t e f o r these two volumes showed ver y l i t t l e 
d i f f e r e n c e , probably because the c a p a c i t i e s were not o f a l a r g e enough 
magnitude. Due to p h y s i c a l c o n s t r a i n t s of the o b s e r v a t i o n w e l l s i z e s 
i n the N a r r a t o r V a l l e y , the use of l a r g e r volume slugs was 
i m p r a c t i c a l , and time c o n s i d e r a t i o n s c u r t a i l e d f u r t h e r developments 
r e q u i r e d t o evaluate t h i s approach. I t i s f e l t however t h a t the 
v a r i a t i o n s of a q u i f e r constant d e t e r m i n a t i o n s i n r e l a t i o n s h i p t o s l u g 
volume u t i l i s e d , m e r i t s f u r t h e r I n v e s t i g a t i o n s i n weathered g r a n i t e 
r e g i o n s . 
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Problems a r i s e i n the i n t e r p r e t a t i o n of pump t e s t data due t o the 
non-uniqueness of time-drawdown responses. Very s i m i l a r time-drawdown 
p l o t s can be obtained i n unconflned, semi-confined and leaky 
s i t u a t i o n s . The f a c t t h a t a chosen t h e o r e t i c a l curve can be matched 
to the pumping t e s t data does not prove t h a t the a q u i f e r f i t s the 
assumptions on which the type curve was based. This i s a l s o a f e a t u r e 
of s l u g t e s t a n a l y s i s when using Papadopulus e t a l . (1933) technique 
f o r e s t i m a t i n g storage. T r a n s m i s s i v t t y values determined by t h i s 
technique are not so s e n s i t i v e t o the matching of curves as are 
storage values, and hence may be regarded as the more r e l i a b l e 
d e t e r m i n a t i o n . 
Through the use of s l u g t e s t s i t i s p o s s i b l e t o a s c r i b e t o a 
s p e c i f i c w e l l l o c a l values o f (T) and (S) which w i l l , according t o 
Black and Klpp (1977), probably d i f f e r from the values f o r the a q u i f e r 
as a whole. Papadopulus e t a l . (1973) suggest t h a t a l a r g e number of 
such p o i n t t r a n s m l s s l v i t y and storage values are o f t e n o f g r e a t e r use 
than a s i n g l e value of t r a n s m l s s i v i t y obtained from a long-term 
pumping t e s t . Because of the h y d r o g e o l o g l c a l c o m p l e x i t y of the water-
bearing zones i n the N a r r a t o r Brook v a l l e y , r e s u l t s from a l o n g 
d u r a t i o n pumping t e s t would only be a p p l i c a b l e t o a s m a l l area 
c o n t r i b u t i n g groundwater a t the l o c a t i o n o f a pumping w e l l . More 
numerous slug t e s t s c a r r i e d out a t a v a r i e t y o f l o c a t i o n s I n the 
v a l l e y , r e p r e s e n t i n g the spectrum of h y d r o g e o l o g l c a l m a t e r i a l s 
present, are l i k e l y t o p r o v i d e a more r e a l i s t i c range of r e s u l t s i n 
the N a r r a t o r Brook. Bearing i n mind the associated ' s k i n e f f e c t s ' 
Induced i n w e l l s by the d r i l l i n g technique employed, i t i s f e l t t h a t 
s l u g t e s t s are more l i k e l y t o p r o v i d e r e p r e s e n t a t i v e values f o r 
t r a n s m l s s i v i t y and storage i n weathered g r a n i t e a q u i f e r s , and the 
N a r r a t o r Brook Catchment i n p a r t i c u l a r , than standard pumping t e s t s . 
6:6:1 Discussion 
From the a n a l y s i s o f the s l u g t e s t s I n the N a r r a t o r Brook, i t can 
be seen t h a t the r e s u l t s o b t a i n e d , by using the Bouwer and Rice 
w a t e r t a b l e a n a l y s t s , p r o v i d e a q u i f e r constants compatible w i t h 
c o n d i t i o n s i m p l i e d from groundwater recession a n a l y s i s i n Chapter 4. 
These suggested t h a t p a r t s o f the weathered g r a n i t e a q u i f e r had a 
l a r g e storage c a p a c i t y w i t h r a p i d through f l o w times. I n the f i r s t 
i n s t ance the data p l o t s d i d not appear to i n d i c a t e a w a t e r - t a b l e 
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response, and so the co n f i n e d type-curves of Cooper e t a l . (1967), 
were u t i l i s e d . The r e s u l t i n g a q u i f e r constants from t h i s a n a l y s i s i n 
p a r t i c u l a r (K) and (T) v a l u e s , were lower than expected, consequently 
the Bouwer and Rice a n a l y s i s was deemed to be more a p p r o p r i a t e f o r use 
i n the catchment. 
A moderately permeable a q u i f e r may have a h y d r a u l i c c o n d u c t i v i t y 
value of 1 m d a y ^ (Bouwer and Rice 1976). The O t t e r sandstone, a 
f a d e s of the Bunter sandstone i n East Devon has a h y d r a u l i c 
c o n d u c t i v i t y value (determined by long-term pumping t e s t s and s l u g 
t e s t s ) of 1 m day-^ (Jones 1979, pers. comm.). By comparison w i t h 
t h i s , and Table 6:9 I l l u s t r a t i n g h y d r a u l i c c o n d u c t i v i t y values o f 
r e p r e s e n t a t i v e a q u i f e r m a t e r i a l s , (U.S. Dept. o f I n t e r i o r 1977) the 
ranges of h y d r a u l i c c o n d u c t i v i t y values f o r the N a r r a t o r Brook are i n 
the moderate p e r m e a b i l i t y category. ( T ) , ( b ) and K values f o r some of 
the major a q u i f e r s i n the U.K. are found i n Table 6:10. Inclu d e d i n 
t h i s t a b l e are ranges f o r a q u i f e r constants determined i n v a l l e y - s a n d 
and g r a v e l a q u i f e r s d u r i n g water resource p o t e n t i a l i n v e s t i g a t i o n s . 
These a q u i f e r s have since been developed and c o n t r i b u t e t o p u b l i c 
water s u p p l i e s , suggesting t h a t t h e i r ranges of (K) (T) and ( b ) values 
are i n d i c a t i v e of t h e i r s u i t a b i l i t y f o r such purposes. I n the l i g h t 
o f these values the downstream s e c t i o n o f the N a r r a t o r Brook v a l l e y 
a q u i f e r under i n v e s t i g a t i o n , looks promising from a p o t e n t i a l water 
resource v i e w p o i n t . 
•feble 6:9 Cbnparlson of permeability and representative aquifer 
materials, U.S. Dept. of Interior (1977) 
irf* 10^ 102 MEnSKS^/teCEK^/D/ff (m/day) 10^ j i c n 10-3 icr^ 10-5 
RELATIVE PER^EABIL^Y 
Very h i ^ High Moderate Low Very Low 
Clean gravel - Clean sand and - ELne sand - S i l t , clay and mixtures - ^ fassive 
sand and gravel of sand, s i l t and clay 
Vesicular and scorloceous - Clean sandstone - laminated sandstone - ffasslve 
basalt and cavernous and fractured shale, nudstone Igneous 
limestone and dolanlte igenous and and 
metamrphlc metaiorphlc! 
rocks rocks 
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Table 6:10 (T) and (K) values from water resource i n v e s t i g a t i o n s i n 
the U.K. i n unconfined s t r a t a 
Formation T(m2 d-^) K(T/b) (m d - ^ ) j b(m) 
1 
C o r a l l i a n a q u i f e r 
limestone & sandstone 
Vale of P i c k e r i n g 
Reeves e t a l . (1978) 
1 
0.45-190 8.6 X 10-^-4.8 14-39.5 
Bunter sandstone 
Nottinghamshire 
Alexander (1977) 
95.5-433.14 — 90-125 
Fine sand a q u i f e r 
S.W. Netherlands 
De Rldder and Wit 
(1965) 
150-530 17.93-35.44 4.6-26.7 
Hampshire Chalk 
Headworth (1972) 
43-5050 0.43-168.33 15.100 
Yorksh i r e Chalk 
Foster + M i l t o n 
(1976) 
1000-2200 — maximum 420 
Yazor Brook 
Gravel a q u i f e r 
Hereford 
W.W.A. (1975) 
425-2670 100-465 4.12-7.35 
Trent A l l u v i a l 
Gravel a q u i f e r 
Broadhead and 
Mackey (1972) 
90-970 16.36-230.95 4.2-5.5 
6:6:2 Comparisons w i t h s l u g t e s t r e s u l t s i n ot h e r areas 
With two notable exceptions, (Black 1978, 1979; G l e n d i n i n g 1980) 
the r e s u l t s of slug t e s t s i n s p e c i f i c areas have not been w i d e l y 
documented i n the l i t e r a t u r e . Tests have been c a r r i e d out on p a r t s o f 
the east Devon Bunter a q u i f e r (Tubb and Jones pers. comm. 1979) and 
i n i s o l a t e d cases i n s i t e i n v e s t i g a t i o n s f o r waste d i s p o s a l (Redland 
Purle pers. comm. A p r i l 1980). Those published i n v e s t i g a t i o n s have 
f o r t u i t o u s l y been conducted i n g r a n i t e regions o f Cornwall and 
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Scotland. Results so obtained are presented here f o r a comparison 
w i t h those i n the N a r r a t o r Brook Catchment, Table 6:11. 
The high (K) values i n the Carnmenellis g r a n i t e may w e l l be 
r e l a t e d t o d i s c r e t e areas o f f i s s u r e f l o w c o n t r i b u t i o n a t v a r y i n g 
depths i n the coherent g r a n i t e mass. I n general the S c o ^ s h g r a n i t e 
has a much higher p o r o s i t y , o f t e n g r e a t e r than one per c e n t , compared 
w i t h the Cornish g r a n i t e s ( G l e n d i n i n g 1980). I n the Caithness area 
where these s l u g t e s t s were c a r r i e d o u t , the g r a n i t e was weathered t o 
depths g r e a t e r than 40 m. The K values f o r the S c o t t i s h g r a n i t e i n 
the weathered sections o f the boreholes are o f a s i m i l a r magnitude t o 
those i n the N a r r a t o r V a l l e y , both being associated w i t h a weathered 
g r a n i t e m a t r i x . 
1) 
Table 6:11 Slug t e s t r e s u l t s from two other g r a n i t e areas 
i n the U.K. 
Carnmenellis g r a n i t e 
Tested l e n g t h 
b (m) 
Average values 
S 
f o r whole 
T(m^ d-) 
open borehole 
K(m d-^) X 105 
286 5 X 10-** 0.029 10.1 
274 5 X 10-5 0.029 10.6 
287 5 X 10-5 0.022 7.7 
253 5 X 10-5 0.009 3.6 
The above boreholes were 300 m i n t o t a l depth, 
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2) Caithness ( A l t n a b r e a c ) g r a n i t e 
b (m) S T ( e s t i m a t e d Kxb) 
(m2 d-^) 
K(m d-^) 
31.84 0.35 28.33 0.89 
31.02 0.28 44.66 1.44 
37.02 0.11 5.55 0.15 
39.70 0.13 0.79 0.02 
40.0 0.05 1.2 0.03 
40.0 0.59 17.2 0.43 
40,0 - 10.0 0.25 
40.0 0.07 8.0 0.20 
40.41 0.13 11.71 0.29 
40.0 - 13.6 0.34 
40.0 - 10.4 0.26 
38.29 - 8.80 0.23 
299.15 0.35 200.4 0.67 
3) N a r r a t o r Brook, Dartmoor g r a n i t e 
S i t e Tested l e n g t h Average values f o r whole open borehole 
b (m) S T(m^ d-^) K(m d-1) 
9 11.88 10-^ 6.35 0.56 
14 6.80 10-3 0.55 0.09 
12 6.75 10-^ 4.56 0.75 
10 6.65 10-^ 1.06 0.17 
1 7.26 lo-"* 1.28 0.17 
6 4.85 10-3 4.38 0.68 
6:7 S p e c i f i c Y i e l d Determinations I n the N a r r a t o r V a l l e y 
S p e c i f i c y i e l d (S.Y.) as d e f i n e d i n Section 6:1, i s a f u n c t i o n of 
the s i z e and number of Inte r c o n n e c t e d voids i n a m a t e r i a l . Values 
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range from 0.02-0,30 f o r unconfined a q u i f e r s to 0.00001-0.001 f o r 
c o n f i n e d c o n d i t i o n s (Walton 1970). Because s p e c i f i c y i e l d r e p r e s e n t s 
the v o i d space t h a t w i l l y i e l d water to w e l l s and i s e f f e c t i v e i n 
f u r n i s h i n g water s u p p l i e s , i t i s a l s o a measure of e f f e c t i v e p o r o s i t y 
(Johnson 1976). The l e s s uniform, f i n e r g r a i n e d and more dense the 
m a t e r i a l the s m a l l e r the ( S Y ) . The sum of ( S Y ) and s p e c i f i c r e t e n t i o n 
(SR) ( t h a t p o r t i o n of water r e t a i n e d i n the rock a g a i n s t g r a v i t y ) 
e q u a l s the p o r o s i t y ( 0 ) of a m a t e r i a l . As the t e x t u r e of the m a t e r i a l 
becomes c o a r s e r , and by i m p l i c a t i o n , the importance of l a r g e r 
i n t e r s t i c e s i n c r e a s e s , the (SR) and t o t a l ( 0 ) d e c r e a s e w h i l e s p e c i f i c 
y i e l d i n c r e a s e s . 
I t i s p o s s i b l e by matching r a i n f a l l e v e n t s over s h o r t w i n t e r 
p e r i o d s (where e v a p o t r a n s p i r a t i o n i s i n s i g n i f i c a n t compared to 
r a i n f a l l ) to f l u c t u a t i o n of water l e v e l s , to deduce the s p e c i f i c 
y i e l d s of o b s e r v a t i o n w e l l s . ( S Y ) may be obtained from: 
where ERF = e f f e c t i v e r a i n f a l l 
AWL = change i n water l e v e l over time p e r i o d c o n s i d e r e d . 
I n s p e c t i o n of the groundwater d a t a c o l l e c t e d i n the N a r r a t o r 
V a l l e y showed the p e r i o d 31-12-79 to 7-1-80 to r e p r e s e n t a d i s t i n c t 
r e c h a r g e event. T h i s was e v i d e n t from the i n c r e a s e i n p r e c i p i t a t i o n 
and the r a p i d change i n the e l e v a t i o n of the water t a b l e from the 
p r e v i o u s week's v a l u e . The water l e v e l s from t h i s p e r i o d was used to 
e s t i m a t e ( S Y ) i n the above manner. T o t a l e f f e c t i v e r a i n f a l l ( t o t a l 
r a i n f a l l - p o t e n t i a l e v a p o t r a n s p i r a t i o n ) = 263 mm and s o i l m o i s t u r e 
d e f i c i t (SMD) = z e r o . Recharge was assumed to be the change i n water 
l e v e l a t each s i t e and these v a l u e s w i t h the a s s o c i a t e d s t o r a g e v a l u e s 
a r e summarised i n Table 6:12. 
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T a b l e 6:12 Storage v a l u e s f o r s e l e c t e d o b s e r v a t i o n b o r e h o l e s 
I n the N a r r a t o r Brook 
Well Change I n 
water l e v e l (m) 
S t o r a g e / s p e c i f i c y i e l d 
9 0.79 0.31 
15 1.23 0.21 
14 0.81 0.32 
12 0.67 0.39 
10 0.50 0.47 
7 0.96 0.27 
2 1.26 0.21 
1 0.89 0.29 
Mean 0.30 
Boreholes w i t h the water l e v e l c l o s e s t to the s u r f a c e g i v e h i g h e r 
v a l u e s of ( S Y ) . T h i s i s not unexpected s i n c e the p o r o s i t y of the 
weathered m a t e r i a l s n e a r e r the s u r f a c e a r c l i k e l y to be the h i g h e s t i n 
the catchment. W e l l s 6, 11, 3 and 4, the s h a l l o w e s t b o r e h o l e s , have 
been omitted from the ( S Y ) c a l c u l a t i o n s , s i n c e these s i t e s were i n 
f a c t waterlogged d u r i n g t h i s v e r y wet p e r i o d of l a t e December 1979. 
S i t e 13 has a l s o been omitted as damaged c a s i n g g i v e s e r r o n e o u s 
v a l u e s . 
The a q u i f e r i n the N a r r a t o r V a l l e y c o n t a i n s s i l t s and c l a y s which 
g r e a t l y change the amount of i n f i l t r a t i n g water by i n t e r c e p t i n g or 
c o n c e n t r a t i n g the flow. These changes, which a r e Important i n 
c a l c u l a t i o n of ( S Y ) cannot be r e l i a b l y e s t i m a t e d i n the N a r r a t o r 
Brook, so t h i s method can a t b e s t o n l y be a g r o s s e s t i m a t i o n of ( S Y ) . 
S p e c i f i c y i e l d s of 15-30% i n an unconfined u n c o n s o l i d a t e d a q u i f e r ^ - ^ ^ ' ^ 
q u i t e r e a s o n a b l e , (Kruseman and De Ridder 1976) and as can be seen 
from Table 6:12 v a l u e s f o r the N a r r a t o r V a l l e y a r e of comparable 
magnitude w i t h a mean of 0.30. 
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Some high e r v a l u e s a r e e v i d e n t amongst the o b s e r v a t i o n w e l l s i n 
the N a r r a t o r Brook a q u i f e r . These v a l u e s can be e x p l a i n e d w i t h 
r e f e r e n c e to the l l t h o l o g i e s a t e ach s i t e as shown by the b o r e h o l e 
l o g s i n the appendices. W e l l s 9, 14, 15, d e s p i t e h a v i n g t h e i r 
s c r e e n e d s e c t i o n i n a c l a y show a s u r p r i s i n g l y h i g h (SY)." T h i s may be 
r e l a t e d to v a r y i n g t h i c k n e s s e s of sandy m a t e r i a l s above the c l a y band 
and to the n a t u r e of the w e l l b a c k - f I d l i n g . Well 15 shows the lower 
v a l u e i n Table 6:12, and i s probably r e l a t e d to another c l a y band 3 m 
above the screened s e c t i o n . 
I t has a l r e a d y been commented t h a t i n g e n e r a l water l e v e l 
f l u c t u a t i o n s can y i e l d v a l u a b l e I n f o r m a t i o n about a q u i f e r 
c h a r a c t e r i s t i c s and dominant h y d r o g e o l o g l c a l c o n d i t i o n s , and t h i s i s 
e v i d e n t i n the case of the N a r r a t o r V a l l e y . With c l a y - b a s e d 
c o n s t i t u e n t s i n an a q u i f e r a low h y d r a u l i c c o n d u c t i v i t y i s u s u a l l y 
expected, so I t i s s u r p r i s i n g t h a t the water l e v e l s i n the c l a y - b a s e d 
w e l l s respond q u i c k l y to r a i n f a l l . T h i s c h a r a c t e r i s t i c would l e a d one 
to suppose t h a t the c l a y s p e n e t r a t e d a r e o n l y of a l i m i t e d l a t e r a l 
e x t e n t , a f e a t u r e of a c l a y l e n s , and hence the r a p i d response of such 
w e l l s i s due to c o n t r i b u t i o n s from the more porous m a t e r i a l s p r e s e n t 
i n the v a l l e y a q u i f e r . 
Such o b s e r v a t i o n s a r e a p p l i c a b l e to W e l l s 10 and 12, but w i t h 
Well 7 the (SY) I s lower by comparison which may be a t t r i b u t e d to 
l l t h o l o g l c a l s i t e c o n d i t i o n s . S i t e 7 only p o s s e s s e s 2 m of c l a y i n 
the borehole l o g , but the l i k e l i h o o d of 3.5 m of g r a n i t e a t i t s base 
may account f o r the s l i g h t l y lower v a l u e , a s the denser and more 
compact the m a t e r i a l the lower the ( S Y ) . W e l l s 1 and 2 g i v e s l i g h t l y 
lower than average v a l u e s f o r ( S Y ) which I s s u r p r i s i n g i n view of 
t h e i r l l t h o l o g i e s . Both t h e s e s i t e s e x h i b i t a l a r g e r p r o p o r t i o n of 
sands, g r a v e l s and g r a n i t e b l o c k s down t h e i r p r o f i l e s , however the 
v a r i a t i o n i n m a t e r i a l s i z e may p a r t l y account f o r t h i s v a r i a t i o n i n 
( S Y ) i n these two c a s e s . 
Another source of v a r i a t i o n i n SY/storage v a l u e s i n the N a r r a t o r 
V a l l e y may be due to the n a t u r e of the w e l l b a c k f i l l i n g a t each s i t e . 
The b a c k - f i l l , although of p r e v i o u s l y d r i l l e d m a t e r i a l , i s l i k e l y to 
have a h i g h e r e f f e c t i v e p o r o s i t y v a l u e (depending on g r a i n s i z e 
d i s t r i b u t i o n ) and hence h i g h e r s p e c i f i c y i e l d s . S t o r a t i v i t y v a l u e s , 
when compared to s t o r a g e v a l u e s determined from the s l u g t e s t s 
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(10-^ to 10-^) a r e h i g h e r . These s t o r a t l v i t y v a l u e s a r e estlmaed from 
a s i n g l e measurement i n time, w h i l e those d e r i v e d from s l u g t e s t s a r e 
obtained v i a the a n a l y s i s of the a q u i f e r response over a s p e c i f i e d 
time p e r i o d and may be more r e p r e s e n t a t i v e . Cooper e t a l . ( 1 9 6 7 ) 
however comment t h a t the d e t e r m i n a t i o n of ( S ) by the s l u g t e s t method 
has q u e s t i o n a b l e r e l i a b i l i t y . 
I f water l e v e l s i n the o b s e r v a t i o n w e l l s I n the N a r r a t o r V a l l e y 
r e p r e s e n t r a p i d i n f i l t r a t i o n through the w e l l b a c k - f i l l a t e ach s i t e , 
then i t would be expected t h a t any water l e v e l f l u c t u a t i o n s would be 
of the same magnitude of response i n a l l w e l l s * As can be seen from 
i n s p e c t i o n of the w e l l hydrographs i n Chapter 3 and r a i n f a l l t o t a l s 
t h i s i s not the c a s e . The groundwater o b s e r v a t i o n w e l l - n e t w o r k can be 
d i v i d e d up i n t o t h r e e h y d r o g e o l o g i c a l p r o v i n c e s , based on water l e v e l 
v a r i a t i o n w i t h i n such groups, f u r t h e r i n d i c a t i n g t h a t water l e v e l s 
e x p e r i e n c e d a t i n d i v i d u a l s i t e s a r e the response of the l o c a l or 
r e g i o n a l w a t e r t a b l e a t t h a t s i t e and not t o t a l l y a response to more 
permeable b a c k f i l l c h a r a c t e r i s t i c s of the w e l l . However the h i g h e r 
s t o r a t i v i t y v a l u e s may be i n p a r t a t t r i b u t e d t o b a c k - f i l l e d s e c t i o n s 
of the boreholes i n the N a r r a t o r V a l l e y . 
6:7:1 Storage i n the N a r r a t o r Brook A q u i f e r 
Permanent s t o r a g e i n an unconfined a q u i f e r i s d e f i n e d a s the 
s p e c i f i c y i e l d m u l t i p l i e d by the s a t u r a t e d t h i c k n e s s . Under c o n f i n e d 
c o n d i t i o n s the volume of water r e l e a s e d i s c o n t r o l l e d by the 
a p p r o p r i a t e c o e f f i c i e n t of s t o r a g e . Bouwer (1978) r e f e r s to the 
amount of water t h a t an unconfined a q u i f e r can s t o r e per u n i t r i s e i n 
w a t e r t a b l e per u n i t a r e a , a s f i l l a b l e p o r o s i t y . 
I n the N a r r a t o r V a l l e y no d e f i n i t i v e v a l u e has been determined 
f o r the depth and d i s p o s i t i o n of the weathered g r a n i t e a l l u v i a l 
d e p o s i t s , so any s t o r a g e volumes a r e t e n t a t i v e as the s a t u r a t e d 
t h i c k n e s s i s an e s t i m a t e d v a l u e . Assuming an average depth to the 
w a t e r t a b l e over the catchment of 3 m; and a t h i c k n e s s of weathered and 
u n c o n s o l i d a t e d m a t e r i a l i n the o r d er of 15 m; then the s a t u r a t e d 
t h i c k n e s s I s 12 m. With a mean s t o r a g e v a l u e from the s l u g t e s t s a s 
10"^ then storage over the catchment a r e a found by:- o u t c r o p a r e a x 
s a t u r a t e d t h i c k n e s s x s p e c i f i c y i e l d g i v i n g : 
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4.75 X 10^ m^  X 12 m X IQ-^ = blO-x. 10^ 
of water h e l d i n s t o r a g e i n the weathered and u n c o n s o l i d a t e d m a t e r i a l s 
of the N a r r a t o r Brook a q u i f e r . From water b a l a n c e c o n s i d e r a t i o n s as 
o u t l i n e d i n Chapter 4, i t was e s t i m a t e d t h a t 557 x 10^ m^  y e a r " ^ i s 
recharged to groundwater r e s e r v e s . The e s t i m a t e d volume of water h e l d 
i n s t o r a g e i s - ^ . - , . i c . r t h a t r e c h a r g e d 
a n n u a l l y to the weathered g r a n i t e a q u i f e r . 
6:8 C o n c l u s i o n s 
The s l u g t e s t has proved to be a u s e f u l means of d e t e r m i n i n g 
point ( T ) , and to a l e s s e r e x t e n t ( S ) and ( K ) v a l u e s i n the N a r r a t o r 
Brook. Due c o n s i d e r a t i o n must be g i v e n to the m o d i f i c a t i o n on a q u i f e r 
c o n s t a n t s , brought about by d r i l l i n g and completion p r o c e d u r e s , when 
attem p t i n g to i n t e r p r e t d e r i v e d ( T ) and ( S ) v a l u e s . Because of the 
p h y s i c a l c o n s t r a i n t s of the bo r e h o l e s s m a l l d i a m e t e r s , i t remains the 
onl y s u i t a b l e technique f o r the e s t i m a t i o n of a q u i f e r c o n s t a n t s i n 
t h i s a r e a . Comparison of Ta b l e 6:4, the s l u g t e s t r e s u l t s f o r the 
N a r r a t o r V a l l e y , w i t h T a b l e 6:10, v a l u e s d e r i v e d from water r e s o u r c e 
i n v e s t i g a t i o n s i n the U.K., show the N a r r a t o r V a l l e y to have ( K ) 
r e s u l t s i n l . U to 4.61 m day-^ range. T h i s i s of an i n t e r m e d i a t e 
s t a n d i n g when compared to o t h e r a q u i f e r s i n Table 6:10, and i n d i c a t e s 
t h a t the water r e s o u r c e p o t e n t i a l of the weathered g r a n i t e s ^ i n the 
N a r r a t o r V a l l e y may be s i g n i f i c a n t . 
The l o c a t i o n of the w e l l s c r e e n a t each s i t e i n the catchment may 
be i n an u n s u i t a b l e p o s i t i o n w i t h r e s p e c t to the a q u i f e r m a t e r i a l s 
surrounding i t . As such, a q u i f e r c o n s t a n t s d e r i v e d may be 
u n c h a r a c t e r i s t i c of the low c l a y c o n t e n t w a t e r - b e a r i n g zones i n the 
weathered g r a n i t e a q u i f e r , and may i n c o r p o r a t e f o r m a t i o n s t a b i l i s e r 
v a l u e s . Subsequent i n f i l l i n g of the o b s e r v a t i o n w e l l due to i n f l u x e s 
of f i n e r m a t e r i a l through the w e l l s c r e e n may a l s o modify ( T ) and ( S ) 
v a l u e s o b t a i n e d . 
S i n c e the a q u i f e r i s h y d r o g e o l o g i c a l l y complex, d e r i v e d ( T ) , ( S ) 
and ( K ) v a l u e s i n Ta b l e 6:4 form o n l y a t e n t a t i v e guide a s to the 
w a t e r - b e a r i n g and y i e l d i n g p r o p e r t i e s of the N a r r a t o r a q u i f e r . The 
g e n e r a l range f o r the N a r r a t o r Brook V a l l e y a q u i f e r of ( T ) and ( S ) and 
( K ) v a l u e s a r e as f o l l o w s : 
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S T K 
10-5 _ 5^42 - 36.95 m^  d'^ 1.106 - 4.61 m day'^ 
An e s t i m a t e of permanent s t o r a g e i n the unconfined a q u i f e r of the 
N a r r a t o r V a l l e y obtained 570 x 10^ m^. 
For the purposes of t h i s groundwater i n v e s t i g a t i o n the v a l l e y 
a q u i f e r was regarded as being unconfined. Data p l o t s f o r the s l u g 
t e s t a n a l y s i s appeared, i n the f i r s t c a s e , not to i n d i c a t e a 
w a t e r t a b l e response s i n c e they b e s t - f i t t e d the c o n f i n e d type c u r v e s of 
Cooper e t _ a l . ( 1 9 6 7 ) . However, t h i s cannot be taken to imply 
c o n d i t i o n s o ther than unconfined, f o r B l a c k (1978) suggested f i t t i n g 
the data to b e s t - f i t c u r v e s i r r e s p e c t i v e of p r e c o n c e i v e d i d e a s as to 
the nature of the a q u i f e r . R e s u l t s from stream d i s c h a r g e a n a l y s i s . 
Chapter 4, would suggest t h a t i n p a r t s of the catchment, the a q u i f e r 
i s composed of weathered g r a n i t e w i t h a high s t o r a g e c a p a c i t y and the 
a b i l i t y to t r a n s m i t water r a p i d l y . I n the l i g h t of t h i s e v i d e n c e , the 
r e s u l t s from the c o n f i n e d method of a n a l y s i s were deemed to be 
u n r e p r e s e n t a t i v e of g r o s s catchment a q u i f e r c o n t a n t s . 
Response times of the o b s e r v a t i o n w e l l s used d u r i n g the s l u g t e s t 
technique seem to imply unconfined c o n d i t i o n s at t h e s e l o c a t i o n s . 
However, anomalous behaviour of p a r t of the a q u i f e r system was 
observed i n December 1979/January 1980, a t S i t e 11, where, a s a 
response to p a r t i c u l a r l y heavy r a i n f a l l c o n d i t i o n s , water was observed 
to have been shooting out of the b r e a t h e r h o l e a t the w e l l head, under 
p r e s s u r e . P r i o r to t h i s s i t u a t i o n , the w a t e r t a b l e i n t h i s w e l l and I n 
Well 3, was observed to have been above ground l e v e l on s e v e r a l 
o c c a s i o n s . T h i s i m p l i e s , c e r t a i n l y i n the case of Well 11, semi-
c o n f i n e d c o n d i t i o n s which a r e m a n i f e s t under extreme r e c h a r g e e v e n t s . 
The v a r i a t i o n i n a q u i f e r c o n s t a n t s w i t h topographic l o c a t i o n 
would seem to support the i d e a t h a t the o b s e r v a t i o n w e l l s I n the 
N a r r a t o r V a l l e y p e n e t r a t e d i s c r e t e w a t e r - b e a r i n g h o r i z o n s . These 
h o r i z o n s have d i f f e r i n g l a t e r a l e x t e n t s w i t h i n the weathered g r a n i t e 
a q u i f e r , and hence v a r y i n g c o n t r i b u t o r y a r e a s . From the e x p e r i e n c e of 
pumping t e s t s i n the N a r r a t o r Brook Catchment, Well 9 s h o u l d appear to 
have a l a r g e r c o n t r i b u t o r y a r e a , than any of the o t h e r w e l l s t e s t e d by 
t h i s means. Well 9 was not pumped dry and h a s , b e s i d e s W e l l 7 i n 
T a b l e 6:6, the h i g h e s t mean ( T ) v a l u e , of 8.73 m^/d, measured. 
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The comparison of a q u i f e r c o n s t a n t s d e r i v e d i n the N a r r a t o r 
V a l l e y , w i t h those from a q u i f e r s developed f o r water s u p p l y p u r p o s e s . 
T a b l e 6:1 i s encouraging i n the f i r s t i n s t a n c e . However, the N a r r a t o r 
V a l l e y appears to c o n s i s t of a number of perched zones, whose s u p p l y 
i s v e r y s m a l l . Groundwater s u p p l i e s from the main groundwater zone i n 
the N a r r a t o r V a l l e y , assumed to be from depths g r e a t e r than 15 m, may 
be a more promising r e s o u r c e . I t i s f e l t t h a t data from the s h a l l o w 
o b s e r v a t i o n w e l l depths, used i n t h i s p r e s e n t i n v e s t i g a t i o n , i s not 
adequate to d e s c r i b e and attempt to q u a n t i f y deeper s o u r c e s i n the 
N a r r a t o r Brook a q u i f e r . 
Based on the f o r e g o i n g d i s c u s s i o n , i t i s suggested t h a t f o r the 
most p a r t the a q u i f e r i n the weathered g r a n i t e i s u n c o n f i n e d . Semi-
c o n f i n e d or confined p o r t i o n s a r e l i k e l y to be the r e s u l t o f the 
l a t e r a l e x t e n t of more impermeable m a t e r i a l s , c o n f i n i n g more porous 
sand and g r a v e l l y d e p o s i t s i n the v a l l e y . 
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Chapter 7 
Chemistry of Groundwaters i n the N a r r a t o r Brook Catchment 
7:1 I n t r o d u c t i o n 
T h i s c h a p t e r p r e s e n t s the g e n e r a l i s e d groundwater c h e m i s t r y and 
a s s o c i a t e d s u r f a c e water c h e m i s t r y of the N a r r a t o r Brook Catchment a s 
deduced from a weekly sampling programme c a r r i e d out d u r i n g the 
r e s e a r c h p e r i o d . T h i s p r o j e c t provided an o p p o r t u n i t y to sample 
groundwaters a t v a r i o u s depths i n the catchment. P r e v i o u s l y , o n l y 
stream and s p r i n g w a t e r c h e m i c a l a n a l y s e s had been undertaken i n the 
N a r r a t o r Brook Catchment along w i t h measurements of the v a r i a t i o n s of 
s o l u t e s from i n t e r f l o w h o r i z o n s ( T e r n a n and W i l l i a m s 1979). . A l l the 
p r e v i o u s c h e m i c a l a n a l y s e s of s p r i n g w a t e r s a r e from l o c a t i o n s upstream 
of the e s t a b l i s h e d w e l l network used i n t h i s s tudy. 
Measurement of groundwater c h e m i s t r y forms one component of a 
g e n e r a l model of groundwater f l o w systems and i n c o n j u n c t i o n w i t h 
other t e c h n i q u e s u t i l i s e d I n the weathered g r a n i t e a q u i f e r 
( C h a p t e r s 4, 5 and 6 ) , w i l l f a c i l i t a t e assessment of water r e s o u r c e 
p o t e n t i a l of the N a r r a t o r Catchment. The aims may be s t a t e d a s 
f o l l o w s : -
( 1 ) to p r e s e n t and e x p l a i n groundwater and s u r f a c e water 
c h e m i s t r y v a r i a t i o n s , and to use t h e s e to a s s i s t i n t e r -
p r e t a t i o n of the groundwater flow system i n the N a r r a t o r 
Brook Catchment 
( 1 1 ) to determine the r a t e of water movement towards the 
w a t e r t a b l e i n the N a r r a t o r Catchment and determine r e c h a r g e -
response r a t e s 
( i l l ) to i d e n t i f y the most u s e f u l parameters i n d e s c r i b i n g ground-
water movement i n the weathered g r a n i t e a q u i f e r of the 
N a r r a t o r Catchment which may be of wider a p p l i c a t i o n to 
other a r e a s 
7:1:1 I o n i c Content of N a t u r a l Waters 
The p r i n c i p a l i o n s i n n a t u r a l w a t e r s a r e c a l c i u m (Ca"*"^) 
magnesium (Mg+^)^ sodium (Na"*"), potassium ( K + ) , b i c a r b o n a t e (HCO3), 
carbonate (CO3 ) , s u l p h a t e (SOi^), c h l o r i d e ( C I ) , and n i t r a t e (NO3). 
I r o n ( F e ) , aluminium ( A l ) and s i l i c a ( S i 0 2 ) may a l s o be p r e s e n t i n 
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s i g n i f i c a n t amounts, and these c o n s t i t u e n t s may a l s o occur i n 
c o l l o i d a l form. S e a s o n a l v a r i a t i o n can be observed i n the i o n i c 
composition of groundwaters which can be a t t r i b u t e d to v a r y i n g i n p u t s 
from the atmosphere, s e a s o n a l v a r i a t i o n i n v e g e t a t i o n n u t r i e n t demand, 
e v a p o t r a n s p i r a t i o n p r o c e s s e s i n c r e a s i n g c o n c e n t r a t i o n s of s o l u b l e 
m a t e r i a l i n the s o i l zone, and i n the w i n t e r season ' f l u s h i n g out' 
such a c u m u l a t l o n s , s e a s o n a l v a r i a t i o n due to weathering e.g. r e s u l t i n g 
from h i g h e r p r o d u c t i o n of carbon d i o x i d e i n the warmer months. 
The s i g n i f i c a n t f a c t o r s d e t e r m i n i n g the chemi c a l n a t u r e of 
groundwater i n an a r e a a r e the ch e m i c a l composition of p r e c i p i t a t i o n , 
the geochemical composition of the s o i l and r e g o l i t h through which the 
p r e c i p i t a t i o n I n f i l t r a t e s , and the c h e m i c a l p r o c e s s e s o p e r a t i o n a l i n 
t h i s l a y e r , along w i t h the ch e m i c a l composition of the a q u i f e r i t s e l f . 
7:1:2 O r i g i n and Source of Groundwater C o n s t i t u e n t s i n G r a n i t e Areas 
I n p r e v i o u s measurments of s o l u t e s i n s p r i n g w a t e r s , streamwaters 
and i n t e r f l o w waters i n the N a r r a t o r Brook Catchment, upstream of the 
w e l l network, the f o l l o w i n g ranges of c h e m i c a l elements were found 
( W i l l i a m s p e r s . comm. 1978). 
pH 4.2 - 5.3 
Na+ 4.5 - 7.0 mg l ' ^ 
K^ - 0.8 - 2.0 mg 1-^ 
Ca+2 1 . 3 5 - 2 . 0 mg 1-1 
0.54 - 0.95 mg 1"^ 
S^Oj 1.3 - 6.0 mg 1-1 
C l ~ 6.8 -10.0 mg 1~1 
E l e c t r i c a l C o n d u c t i v i t y 75 - 116 \iS/cm 
B i c a r b o n a t e i n streamwaters was f r e q u e n t l y l e s s than 2 mg 1"^, and i n 
other s o u r c e s o f t e n l e s s than 0.1 mg 1"^ and was t h e r e f o r e c o n s i d e r e d 
to be i n s i g n f l e a n t , ( W i l l i a m s p e r s . comm. 1978). 
S i l i c a , c h l o r i d e , potassium and sodium were measured s y s t e -
m a t i c a l l y i n the N a r r a t o r Brook Catchment from the w e l l network a s 
d e s c r i b e d i n Chapter 3. The o r i g i n and so u r c e of these f o u r c o n s t i t -
uents i n groundwaters i n g r a n i t e a r e a s a r e reviewed i n r e l a t i o n to 
c o n d i t i o n s i n the N a r r a t o r Brook V a l l e y . 
7:1:3 S i l i c a 
E x c e p t f o r oxygen, s i l i c o n ( S i ) i s the most abundant element i n 
a e r i a l d i s t r i b u t i o n and bulk composition i n the e a r t h ' s c r u s t . The 
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dominant d i s s o l v e d s i l i c o n s p e c i e s i n n a t u r a l w a t e r s i s Hi|S10if 
(monomeric s i l i c i c a c i d ) i n the pH range of 6-9, ( K r a u s k o p f , 1 9 5 6 ) . 
The s i l i c i c a c i d i s e s s e n t i a l l y n o n i o n i s e d and s i l i c a t e i o n s a r e 
thought to be p r e s e n t i n a p p r e c i a b l e amounts o n l y above a pH of 9* 
S i l i c o n c o n c e n t r a t i o n s i n n a t u r a l water a r e g e n e r a l l y e x p r e s s e d 
as Si02 ( S i l i c a ) , and q u a r t z s o l u b i l i t y i s o n l y 6 mg 1"^ S i O j a t 25**C 
(Morey e t a l . 1962). There i s e v i d e n c e to suggest t h a t a non-
c r y s t a l l i n e form of SIO2 (amorphous Si02) r a t h e r than q u a r t z c o n t r o l s 
the s o l u b i l i t y of S l O j i n water. The s o l u b i l i t y of t h i s amorphous 
s i l i c a , which i n c r e a s e s w i t h temperature, i s approximately 115-140 
mg 1*^ a t 25*C (Krauskopf, 1956). 
Based on the s o l u b i l i t y of amorphous s i l i c a and the abundance of 
quartz i n the h y d r o g e o l o g i c a l system, s i l i c a might be expected to 
occur i n major c o n c e n t r a t i o n s i n n a t u r a l w a t e r s . T h i s i s not the 
c a s e . S i l i c a c o n c e n t r a t i o n s range from l e s s than 0.1 mg 1~^ i n 
p r e c i p i t a t i o n to 4000 mg 1"^ i n m i n e r a l s p r i n g s , ( D a v i s 1964). I n 
most groundwaters i t i s u s u a l l y o n l y the f o u r t h or f i f t h most abundant 
d i s s o l v e d c o n s i t u e n t . Davis (1964) compiled thousands of groundwater 
a n a l y s e s from many a r e a s i n the U n i t e d S t a t e s , and found t h a t 
d i s s o l v e d Si02 was t y p i c a l l y i n the range from 10-30 mg 1~^ w i t h an 
average of 17 mg 1"^. Groundwater i s t h e r e f o r e almost i n v a r i a b l y 
g r e a t l y u n d e r s a t u r a t e d w i t h r e s p e c t to amorphous s i l i c a . D a v i s (1964) 
re p o r t e d average v a l u e s f o r streamwater a t 14 mg 1~^ and noted t h a t 
s i l i c a c o n c e n t r a t i o n s i n n a t u r a l w a t e r s a r e marked by t h e i r l a c k of 
v a r i a t i o n i n comparison w i t h o t h e r major c o n s t i t u e n t s . 
Quartz and amorphous s i l i c a g e n e r a l l y do not e x e r t an Important 
i n f l u e n c e on the l e v e l of s i l i c a i n groundwaters, as most of the 
s i l i c a I n n a t u r a l water I s probably d e r i v e d from the decomposition of 
other s i l i c a t e m i n e r a l s such as f e l d s p a r s , r a t h e r than from s o l u t i o n 
of q u a r t z , ( F e l l e r and Klmmins, 1979). A l u m i n o - s i l i c a t e m i n e r a l s such 
as f e l d s p a r s and micas produce s o l i d and d i s s o l v e d s i l i c a phases a s a 
by-product of t h e i r d i s s o l u t i o n . Some of t h e s e a r e i l l u s t r a t e d i n 
Table 7:1 a f t e r F r e e z e and Cherry ( 1 9 7 9 ) . The l a c k of m o b i l i t y of 
s i l i c a i n the hydrosphere can be a t t r i b u t e d then to the slow r a t e of 
s o l u t i o n of c e r t a i n n a t u r a l s i l i c a t e s and to the r e l a t i v e l y low 
s o l u b i l i t y of s i l i c a compounds i n water. 
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T a b l e 7:1: R e a c t i o n s f o r Incongruent D i s s o l u t i o n of Some 
A l u m l n o s i l i c a t e M i n e r a l s a f t e r F r e e z e and Cherry ( 1 9 7 9 ) 
G i b b s i t e - Al90:^.3H?0 + 2 S i ( O H ) ^ = AloS±70^(0]i)u + 5H2O 
K a o l i n i t e 
Na-montmorillonite Nan * rt^Alo o ^ S i q .^-r01 n (0H)o + - j + H J O = 
- K a o l i n i t e j Al7Sl90c;(0H)u + - j Na+ + 4/3 Si(OH)i, 
I l l i t e - K a o l i n i t e KQ.6Mg0.95Al9.3QSi3.50l0(0H)9 + + | | HjO 
^ A l 9 S i 9 0 s ( 0 H ) u + f K"*" 
B l o t i t e - K a o l i n l t e KMg:^AlSirtO] n(0H)9 + 7 + i H2O = 
i A l 9 S i ? 0 5 ( 0 H ) u + K+ + 3 Mg2+ + 2Si(0H)i^ 
A l b i t e - K a o l l n i t e NaAlSlgOa + H+ + "I H2O = 
i A l ? S i 9 0 s ( 0 H ) u + Na+ + 2 S i ( 0 H ) 4 
M i c r o c l i n e - KAlSi^Ofl + H^ + - j H2O = 
K a o l i n i t e 
, iAl9Si?0c;(0H)u + K^ + 2 S i ( 0 H ) u 
S i l i c a although not an e s s e n t i a l p l a n t n u t r i e n t i s c o n t a i n e d i n 
v a r y i n g amounts i n p l a n t s , depending on s p e c i e s , ( S i e v e r 1969). 
S i l i c a a c c umulations i n p l a n t s a r e r e d i s t r i b u t e d when the p l a n t 
decays and o p a l i n e p a r t i c l e s r e l e a s e d can be d e t e c t e d i n the s o i l 
(Acquaye and T i n s l e y 1965), Such s i l i c a s o u r c e s a r e f a c t o r s 
c o n t r i b u t i n g to h i g h e r s i l i c a v a l u e s determined from l i t t e r w a t e r s i n 
the N a r r a t o r Catchment (Ternan and W i l l i a m s 1979). 
S i l i c o n v a l u e s measured i n the N a r r a t o r V a l l e y d u r i n g t h i s 
p r e s e n t I n v e s t i g a t i o n a r e d i s c u s s e d i n S e c t i o n 7:3:6. These a r e 
converted to s i l i c a v a l u e s which a r e w i d e l y used i n w a t e r - r e s o u r c e 
l i t e r a t u r e when r e f e r r i n g to the s i l i c o n c o n t e n t of n a t u r a l w a t e r s . 
7:1:4 C h l o r i d e 
Although a major d i s s o l v e d c o n s t i t u e n t of most n a t u r a l w a t e r s , 
c h l o r i d e i s a minor c o n s t i t u e n t of the e a r t h s c r u s t . A l a r g e f r a c t i o n 
of the t o t a l c h l o r i d e i n common igneous r o c k s occur i n b i o t i t e and 
hornblende which, a c c o r d i n g to Lahermo, (1970) may c o n t a i n s e v e r a l 
t e n t h s of a percent of c h l o r i d e . A p a t i t e may account f o r much of the 
minerogenic c h l o r i d e found i n waters from igneous a r e a s , and l i q u i d 
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i n c l u s i o n s w i t h i n an igneous mass may a l s o c o n t r i b u t e . A p a t i t e i s one 
of the a c c e s s o r y m i n e r a l s of the Dartmoor g r a n i t e as d e s c r i b e d I n 
Chapter 2. However, the c h l o r i d e c o n t e n t from t h i s source i s so 
s l i g h t t h a t c h l o r i d e r e l e a s e d from the w e a t h e r i n g of m i n e r a l m a t t e r i s 
i n s i g n i f i c a n t . 
Q u a n t i t a t i v e l y the most important s o u r c e of c h l o r i d e i n near 
s u r f a c e waters appears to be c h l o r i d e t r a n s p o r t e d v i a p r e c i p i t a t i o n as 
o u t l i n e d i n S e c t i o n 7:1:8. A l l c h l o r i d e s a l t s a r e h i g h l y s o l u b l e , so 
c h l o r i d e i s r a r e l y removed from p r e c i p i t a t i o n except under the 
i n f l u e n c e of f r e e z i n g or e v a p o r a t i o n . C h l o r i d e i s a l s o r e l a t i v e l y 
f r e e from e f f e c t s of i o n exchange, a d s o r p t i o n and b i o l o g i c a l a c t i v i t y , 
so once taken i n t o water a t the e a r t h ' s s u r f a c e i t i s d i f f i c u l t t o 
remove through n a t u r a l p r o c e s s e s . 
C h l o r i d e c o n c e n t r a t i o n s found i n n a t u r a l w a t e r s v a r y between 
0.5 mg 1"^ i n snow, ( F e t h e £ a l . 1964), to between 5-24 mg 1"^ i n 
g r a n i t i c groundwaters I n the US (White £ £ a l . 1963) to 150,000 mg 1"^ 
i n b r i n e s , ( D a v i s and DeWiest 1966). Shallow groundwaters i n r e g i o n s 
of heavy p r e c i p i t a t i o n g e n e r a l l y c o n t a i n l e s s than 30 mg 1~^. 
7:1:5 Sodium 
Sodium I s the most abundant member of the a l k a l i - m e t a l group. 
Other n a t u r a l l y o c c u r r i n g members of t h i s group a r e l i t h i u m , 
potassium, rubidium and caesium. I n Igneous r o c k s sodium i s s l i g h t l y 
more abundant than potassium, although sodium i s not found a s an 
e s s e n t i a l c o n s t i t u e n t of many rock forming m i n e r a l s . I t s primary 
source i s from the r e l e a s e of s o l u b l e products d u r i n g the w e a t h e r i n g 
of p l a g l o c l a s e f e l d s p a r s . Some q u a n t i t i e s a r e a l s o brought i n t o an 
a r e a by p r e c i p i t a t i o n . Sodium i n p r e c i p i t a t i o n i n the N a r r a t o r 
Catchment ranges from 0.37-11.00 mg 1~^ ( W i l l i a m s p e r s . comm. 1982). 
The common f e l d s p a r s a r e o r t h o c l a s e ( K A l S i 3 0 g ) and p l a g l o c l a s e 
which has a composition ranging from the pure Na-form a l b i t e 
( NaAlSi303) to the pure Ca-form a n o r t h i t e ( C a A l 2 S i 2 0 8 ) . Both t h e s e 
m i n e r a l s a r e p r e s e n t i n the Dartmoor g r a n i t e ( C h a p t e r 2) and t h e i r 
r e l a t i v e speed of weathering w i l l determine p r o p o r t i o n s of p o tassium, 
sodium and c a l c i u m i n groundwaters. Potassium f e l d s p a r s a r e v e r y 
r e s i s t a n t to c h e m i c a l a t t a c k but s p e c i e s c o n t a i n i n g sodium and c a l c i u m 
a r e more s u s c e p t i b l e and y i e l d sodium, c a l c i u m and s i l i c a to s o l u t i o n . 
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C l a y m i n e r a l s from the k a o l i n i t e , m o n t m o r i l l o n i t e or i l l i t e groups 
r e s u l t as a by product of t h i s w e a t h e r i n g . 
F e t h e t a l . (1964) i n s t u d i e s of water i n g r a n i t i c r o c k s of the 
S i e r r a Nevada, C a l i f o r n i a found I n g e n e r a l t h a t c a l c i u m and sodium 
i o n s were most important i n stream and s p r i n g water and these 
r e f l e c t e d the abundance of the ions i n the rock type and the r a t e a t 
which m i n e r a l s weathered. Sodium s a l t s a r e s o l u b l e and w i l l not 
p r e c i p i t a t e u n l e s s c o n c e n t r a t i o n s of s e v e r a l thousand mg 1-^ a r e 
reached. Sodium tends to remain i n s o l u t i o n r a t h e r p e r s i s t e n t l y once 
i t has been l i b e r a t e d from s i l i c a t e m i n e r a l s t r u c t u r e s . The 
s a t u r a t i o n p o int f o r sodium c h l o r i d e i s 264,000 mg 1-^ a t 20*C or 
about 105,000 mg 1-^ sodium ( D a v i s & DeWiest 1966). Because of the 
high sodium c o n c e n t r a t i o n s t h a t can be reached b e f o r e any p r e c i p i t a t e 
i s formed, the sodium content of n a t u r a l waters has a wide range. 
Sodium content v a r i e s from l e s s than 1 mg i n p r e c i p i t a t i o n and 
d i l u t e stream waters i n a r e a s of high r a i n f a l l , to g r e a t e r than 
100,000 mg 1"! i n b r i n e s i n c o n t a c t w i t h e v a p o r i t e s (Hem 1970). 
Areas of igneous and metamorphic ro c k s t h a t a r e a l s o i n r e g i o n s 
of moderate to high r a i n f a l l g e n e r a l l y have wa t e r s w i t h 1-20 mg 1-^ 
sodium ( G a r r e l s and C h r i s t , 1965). Sodium v a l u e s measured i n 
j ^ n o c^-waters and s u r f a c e w a t e r s i n the N a r r a t o r V a l l e y a r e i n the 
range 4.5-7.0 mg 1-^ ( W i l l i a m s p e r s . comm. 1978). Lahermo (1970) i n 
work I n Igneous a r e a s i n F i n l a n d found mean c o n c e n t r a t i o n s of 3.3 mg 
l"^sodium i n these groundwaters, w h i l e White e t a l . (1963) i n a r e a s 
w i t h lower r a i n f a l l t o t a l s , found ranges of 5-197 mg l - ^ i n American 
and South A f r i c a n igneous r o c k s . The sodium of d i l u t e waters where 
t o t a l s o l i d s c o n c e n t r a t i o n s a r e below 1000 mg 1-^ i s g e n e r a l l y i n the 
form of sodium i o n , w h i l e i n more c o n c e n t r a t e d s o l u t i o n s a v a r i e t y of 
complex i o n s and i o n - p a i r s i s p o s s i b l e ( G a r r e l s and C h r i s t , 1965). 
The o n l y common mechanism f o r removal of l a r g e amounts of sodium 
i o n s from n a t u r a l water i s through ion-exchange which o p e r a t e s i f 
sodium i o n s a r e I n g r e a t abundance. The e f f e c t s of ion-exchange 
r e a c t i o n s i s only to r e p l a c e one kind of s o l u t e i o n w i t h another and 
t h e r e f o r e these r e a c t i o n s do not d i r e c t l y c o n t r o l the s o l u b i l i t y o f 
i o n s . The p r o c e s s of ion-exchange i n v o l v e s c a t i o n s and i s a r e v e r s -
i b l e r e a c t i o n . The r e v e r s a l of the exchange d i r e c t i o n may a r i s e from 
s m a l l changes i n the composition of the aqueous s o l u t i o n . A common 
r e a c t i o n i s the replacement of c a l c i u m and magnesium i n groundwater by 
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sodium h e l d i n exchangeable media, such as c l a y s , which have high 
c a t i o n exchange c a p a c i t i e s . 
7:1:6 Potassium 
The common s o u r c e s of potassium a r e the products of w e a t h e r i n g of 
o r t h o c l a s e (KAISI3O8), m i c r o c l i n e ( K A I S I J O Q ) , b l o t i t e 
( K M g , F e ) 3 ( A l S i 3 ) O i o ( O H , F ) 2 ) , and l e u c l t e ( K A l S i 2 0 6 ) i n igneous and 
metamorphic r o c k s * The potassium f e l d s p a r s a r e v e r y r e s i s t a n t to 
a t t a c k by water but a r e e v e n t u a l l y a l t e r e d to s i l i c a and c l a y i o n s by 
the same p r o c e s s e s as o t h e r f e l d s p a r s o n l y more s l o w l y . Although the 
abundance of potassium i n the e a r t h s c r u s t i s about the same as 
sodium, potassium i s commonly l e s s than one t e n t h the c o n c e n t r a t i o n of 
sodium i n n a t u r a l water. I n many c a s e s t h i s v a r i a t i o n i s due to high 
atmospheric c o n t r i b u t i o n s of sodium. The r a t h e r narrow range of 
c o n c e n t r a t i o n of potassium i n n a t u r a l w a t e r s s u g g e s t s t h a t a 
s i g n i f i c a n t c h e m i c a l c o n t r o l mechanism may be i n v o l v e d . The 
r e s i s t a n c e to s o l u t i o n e x h i b i t e d by K - f e l d s p a r i n r e l a t i o n to the Na-
f e l d s p a r s and the s t r o n g tendency f o r potassium to be r e i n c o r p o r a t e d 
i n t o s o l i d weathering p r o d u c t s , p a r t i c u l a r l y c l a y s , may w e l l account 
fo r the lower potassium c o n c e n t r a t i o n s i n groundwater. V e g e t a t i o n 
c o n c e n t r a t e s potassium as i t i s an e s s e n t i a l p l a n t n u t r i e n t , but most 
of the potassium i s r e t u r n e d a s o r g a n i c m a t e r i a l decomposes i n the 
l i t t e r l a y e r and r e l a t i v e l y l i t t l e i s removed by e r o s i o n . 
As the potassium i o n i s l a r g e r than the sodium i o n i t would be 
expected to be adsorbed l e s s s t r o n g l y than sodium i n ion-exchange 
r e a c t i o n s . I n f a c t potassium i s I n c o r p o r a t e d I n s p a c e s between 
c r y s t a l l a y e r s . I n i l l i t e s f o r example, where they a r e not removable 
by f u r t h e r ion-exhange r e a c t i o n s , ( K u r t z and Melsted 1972). 
The s o l u b i l i t i e s of potassium s a l t s a r e a l l high and g e n e r a l l y 
s i m i l a r i n magnitude to the s o l u b i l i t i e s of sodium s a l t s . At 20®C 
255,000 mg 1"^ KCL or 133,000 mg 1"^ potassium w i l l be h e l d i n 
s o l u t i o n , ( D a v i s & DeWiest 1966). Owing to t h i s extreme s o l u b i l i t y 
potassixim w i l l not u s u a l l y be removed from water except by s o r p t i o n , 
ion exchange or p r e c i p i t a t i o n during e v a p o r a t i o n . A l l n a t u r a l w a t e r s 
c o n t a i n measureable amounts of potassium, some p r e c i p i t a t i o n may 
c o n t a i n as l i t t l e as 0.1 mg 1~^. Most p o t a b l e groundwaters c o n t a i n 
l e s s than 10 mg 1~^ and commonly ranges between 1-5 mg 1"^. Lahermo 
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(1970) r e c o r d s a mean v a l u e of 1.53 mg 1~^ potassium i n groundwaters 
from igneous r o c k s i n F i n n i s h L a p l a n d . Potassium v a l u e s measured i n 
the N a r r a t o r Brook Catchment from s p r i n g w a t e r s , streamwater and 
i n t e r f l o w h o r i z o n s a r e i n the range of 0.8-2.0 mg 1~^ 
( W i l l i a m s pers.comm 1978). 
7:1:7 Atmospheric C o n t r i b u t i o n s 
Groundwater and s u r f a c e w a t e r s d e r i v e p a r t of t h e i r c h e m i c a l 
composition from the atmosphere through r a i n , snow and d r y f a l l o u t 
s o u r c e s . S a l t s p r a y , f i n e c l a y p a r t i c l e s from wind blown s o i l s , and 
p a r t i c u l a t e matter i n atmospheric p o l l u t i o n g i v e r i s e to a e r o s o l s 
around which con d e n s a t i o n may o c c u r . Such a e r o s o l s form an i n t e g r a l 
p a rt of the p r e c i p i t a t i o n i n p u t s . The p r i n c i p a l I o n s i n r a i n f a l l a r e 
sodium, c a l c i u m , magnesium, potassium, c h l o r i d e , s u l p h a t e and n i t r a t e . 
Very l i t t l e b i c a r b o n a t e i s p r e s e n t i n r a i n f a l l (Rodda e t a l . 1976). 
C h l o r i d e and s u l p h a t e a r e d e r i v e d from atmospheric s o u r c e s , w h i l s t 
most other I o n s , (sodium, magnesium, c a l c i u m , potassium and n i t r a t e ) 
a r e d e r i v e d from both atmospheric and m i n e r a l s o u r c e s . 
The t o t a l i o n i c c o n c e n t r a t i o n of r a i n f a l l i s g e n e r a l l y between 
10-20 mg 1"^ although near c o a s t l i n e s v a l u e s a r e h i g h e r , ( F r e e z e and 
Cherry 1979). The mean i o n i c c o n c e n t r a t i o n f o r p r e c i p i t a t i o n i n the 
N a r r a t o r Brook i s 12.77 mg 1"^ ( W i l l i a m s p e r s . comm. 1982) T a b l e 7:2. 
I o n i c c o n c e n t r a t i o n s i n r a i n f a l l a r e i n c r e a s e d by e v a p o r a t i o n , 
which can account f o r s i g n f l c a n t i n c r e a s e s i n the c o n c e n t r a t i o n s of 
a l l the main i o n s , except f o r c a l c i u m and b i c a r b o n a t e , i n a c t i v e l y 
c i r c u l a t i n g groundwater. The f a c t t h a t r a i n f a l l i s not a 'pure* 
s o l v e n t can be important i n g e n e r a l s t u d i e s of catchment s o l u t e 
dynamics, where d i s s o l v e d c o n ^ t u e n t s of stream water can be used a s 
t r a c e r s f o r water of a p a r t i c u l a r o r i g i n , or from a p a r t i c u l a r 
s u b s u r f a c e flow r o u t e . C r y e r (1976) found t h a t c o n c e n t r a t i o n s of 
c a l c i u m , magnesium, sodium, potassium and c h l o r i d e i n bulk r a i n f a l l 
were found to be h i g h l y v a r i a b l e from week to week, and a l s o d i s p l a y e d 
a d i s t i n c t s e a s o n a l v a r i a t i o n , w i t h h i g h e r v a l u e s I n the w i n t e r 
months. Such v a r i a t i o n s have been u t i l i s e d i n t h i s p r e s e n t study to 
e l u c i d a t e p a t t e r n s of groundwater movement i n the weathered g r a n i t e 
a q u i f e r of the N a r r a t o r Brook Catchment. 
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Table 7:2 Summary S t a t i s t i c s f o r Bulk P r e c i p i t a t i o n Chemistry 
1977-78, N a r r a t o r Brook Catchment 
S o l u t e Mean c o n c e n t r a t i o n mg 1~^ 
Na 4.13 
K 0.95 
Ca 0.57 
Mg 0.51 
SiO. 0.02 
6.59 
12.77 
CI 
T o t a l 
7:1:8 C h l o r i d e i n Rainwater 
I n the UK the i n f l u e n c e of the s e a i s marked by a d e c r e a s e i n l a n d 
of c h l o r i d e v a l u e s , 15-30 mg 1"^ on the north-west c o a s t to 3 mg 1~^ 
I n r u r a l a r e a s i n the c e n t r e of the UK (Rodda e t a l . 1976). T a b l e 7:3 
i l l u s t r a t e s the c h e m i c a l v a r i a t i o n of p r e c i p i t a t i o n w i t h g e o g r a p h i c a l 
l o c a t i o n . Winter v a l u e s a r e 2-3 times h i g h e r than summer v a l u e s due 
to an i n c r e a s e i n s p r a y content of the a i r and the s a l t c ontent a t 
cloud l e v e l caused by w i n t e r storms. The c h l o r i d e c o n c e n t r a t i o n of 
p r e c i p i t a t i o n may depend on the amount of snow or r a i n f a l l i n g . 
Gorham (1958) noted t h a t l i g h t showery r a i n s a r e much more concen-
t r a t e d w i t h c h l o r i d e than i s heavy r a i n f a l l . 
Table 7:3 Annual Mean Va l u e s of V a r i o u s C o n s t i t u e n t s (mg 1"^) i n 
R a i n f a l l over the UK f o r 1959-1964, from Stevenson (1968) 
S o l u t e Aberdeen E s k d a l e Muir Leeds Rothamsted Newton 
Abbot 
Stornoway 
Calcium 1.1 0.3 2.7 1.4 1.5 1.1 
Magnesium 0.6 0.2 1.0 0.3 0.6 1.9 
Sodium 4.6 1.8 2.3 1.8 5.5 17.0 
Potassium 0.4 0.2 0.5 0.3 0.7 0.9 
C h l o r i d e 5.7 2.8 5.3 3.1 6.3 28.0 
Sulphur 2.1 1.2 3.9 2.1 2.9 2.4 
Nitrogen 0.3 0.1 0.6 0.4 0.7 0.2 
i n N i t r a t e 
Nitrogen 0.3 0.2 1.1 0.5 1.4 0.2 
i n Ammonia 
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The c o n c e n t r a t i o n of s a l t I n a i r near the ground ( d r y f a l l o u t ) i s 
known from the Western European c h e m i c a l network, ( E r i k s s o n 1960). 
There appears to be a s t r o n g c o r r e l a t i o n between c h l o r i d e i n r i v e r 
runoff and c h l o r i d e brought down by wet f a l l o u t . The r a t i o of 
c h l o r i d e i n wet f a l l o u t to c h l o r i d e i n r i v e r r u n o f f have been computed 
fo r Sweden and F i n land. These a r e remarkedly c o n s t a n t v a r y i n g around 
0.30, ( E r i k s s o n 1960). I t seems from t h i s d a t a t h a t wet f a l l o u t 
c h l o r i d e c o n s t i t u t e s one t h i r d of the t o t a l c o n c e n t r a t i o n s d e l i v e r e d 
to the ground s u r f a c e . Other components r e s u l t i n g i n the concen-
t r a t i o n s of c h l o r i d e found i n groundwaters and s u r f a c e waters a r e from 
dry f a l l o u t ( i n c l u d i n g e v a p o r a t i o n e f f e c t s ) , and weat h e r i n g p r o d u c t s . 
C r y e r (1976) noted t h a t dry de p o s t i o n of a t m o s p h e r i c a l l y d e r i v e d 
elements accounts f o r 2-4 times as much as i n p u t s through wet f a l l o u t . 
As the Na r r a t o r Catchment i s p a r t i a l l y f o r e s t e d enhanced c h l o r i d e 
l e v e l s may be inpu t through dry f a l l o u t caused by i m p a c t i o n 
p r o c e s s e s . 
7:1:9 Potassium and Sodium i n Rainwater 
A g r e a t d e a l of the t o t a l a v a i l a b l e potassium and sodium may 
c i r c u l a t e through v e g e t a t i o n of a catchment a r e a , (Tamm 1953). Gorham 
(1955) used data on the composition of r a i n w a t e r b e f o r e and a f t e r 
p e r c o l a t i o n through f o r e s t c a n o p i e s , to i l l u s t r a t e potassium and 
sodium v a r i a t i o n s . An 1 8 - f o l d enrichment of potassium c o n c e n t r a t i o n s 
compared to a 3 - f o l d i n c r e a s e i n sodium c o n c e n t r a t i o n s from p r e c i p i -
t a t i o n c o l l e c t e d a t ground l e v e l , a f t e r p e r c o l a t i o n v i a the f o r e s t 
canopy was observed (Gorham 1955). T h i s i n c r e a s e , Gorham ( 1 9 5 5 ) , 
a t t r i b u t e d to f o l i a r l e a c h i n g as the p r e c i p i t a t i o n p a s s e s over the 
v e g e t a t i o n s u r f a c e s , but such i n c r e a s e s i n c o n c e n t r a t i o n s w i l l a l s o 
r e s u l t from e v a p o r a t i o n e f f e c t s . 
7:1:10 pH of Rainwater 
Granant ( 1 9 7 2 ) , I n v o l v e d i n s t u d i e s of pH and major elements i n 
r a i n f a l l from the European Atmospheric Chemical Network, determined 
t h a t 90% of p r e c i p i t a t i o n samples had pH i n the range of 4 t o 6. 
S u l p h u r i c a c i d was suggested as the dominant f a c t o r i n a c i d i f i c a t i o n 
of r a i n f a l l along w i t h n i t r i c a c i d c r e a t e d from n i t r o g e n o x i d e s . Mean 
v a l u e s f o r p r e c i p i t a t i o n i n the N a r r a t o r Catchment d u r i n g 1977-78 were 
pH 4.46 ( W i l l i a m s p e r s . comm. 1982), w h i l e the average v a l u e r e c o r d e d 
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f o r r a i n f a l l i n g through the f o r e s t canopy d u r i n g t h i s i n v e s t i g a t i o n 
(1978-80) was 3.86 ( s e c t i o n 7 :3:3). 
7:1:11 S o i l Zone C o n t r i b u t i o n s 
The s o i l zone has a unique c a p a b i l i t y to a l t e r water c h e m i s t r y as 
most recharge to groundwater I s through r a i n w a t e r s p e r c o l a t i n g through 
t h i s b i o l o g i c a l l y a c t i v e zone. R a i n f a l l being an extremely d i l u t e , 
s l i g h t l y to moderately a c i d i c o x i d i s i n g s o l u t i o n , can q u i c k l y cause 
chemical a l t e r a t i o n s i n s o i l s or any g e o l o g i c a l m a t e r i a l s through 
which i t i n f i l t r a t e s . The most important change o c c u r s a s a r e s u l t of 
a c t i v e l e a c h i n g and the t r a n s p o r t of d i s s o l v e d s p e c i e s , r e s u l t i n g from 
i n t e r a c t i o n s of carbon d i o x i d e and oxygen r i c h water w i t h m i n e r a l 
c o n s t i t u e n t s and o r g a n i c matter i n s o i l and weathered h o r i z o n s . 
The s o i l has a c a p a b i l i t y to g e nerate r e l a t i v e l y l a r g e amounts of 
a c i d and to consume much of the a v a i l a b l e d i s s o l v e d oxygen i n i n f i l -
t r a t i n g water, G e o c h e m i c a l l y the most important a c i d i s c a r b o n i c 
a c i d , (H2CO3) d e r i v e d from the r e a c t i o n of atmospheric and s o i l carbon 
d i o x i d e (CO2) w i t h water. The CO2 i s generated by the decay of 
o r g a n i c matter and by r e s p i r a t i o n of p l a n t r o o t s . Anaerobic r e a c t i o n s 
l i k e the r e d u c t i o n of s u l p h a t e and n i t r a t e a l s o produce €02* 
CO2 p a r t i a l p r e s s u r e of the s o i l atmosphere a r e t y p i c a l l y i n the 
range of 10"^ to 10'^ b a r s ( F r e e z e & Cherry 1979). P a r t i a l p r e s s u r e s 
of CO2 a r e s p a t i a l l y and t e m p o r a l l y v a r i a b l e due to changes i n temper-
a t u r e , moisture c o n d i t i o n s , m i c r o b i a l c o n d i t i o n s , a v a i l a b i l i t y of 
o r g a n i c m a t e r i a l and the e f f e c t s of s o i l s t r u c t u r e on gas d i f f u s i o n . 
When CO2 a t p a r t i a l p r e s s u r e (10~^ to 10"^ b a r s ) r e a c t s w i t h water, 
the pH d e c l i n e s markedly. For example w i t h CO2 a t p a r t i a l p r e s s u r e of 
10"^ bar water i n the temperature range 0-25**C w i l l have an e q u i l i -
brium pH i n the range 4.3-4.5. I n the N a r r a t o r Brook Catchment the 
b u f f e r e f f e c t of CO2 i n the s o i l and weathered zones may w e l l account 
f o r the low pH (4.2-5.2) e x p e r i e n c e d i n the groundwaters. M i n e r a l 
water r e a c t i o n s consume H2CO3 i n the s o i l zone, w h i l e o x i d a t i o n of 
o r g a n i c matter together w i t h root r e s p i r a t i o n r e p l e n i s h CO2 to the 
s o i l a i r . As new water from a r e c h a r g e event e n t e r s the s o i l the CO2 
combines w i t h water and more c a r b o n i c a c i d i s formed. B i o c h e m i c a l and 
hydrochemical p r o c e s s e s i n the s o i l body a r e c a p a b l e of p r o v i d i n g a 
c o n t i n u i n g supply of a c i d i t y t o promote m i n e r a l water r e a c t i o n s . I n 
a d d i t i o n to i n o r g a n i c a c i d s t h e r e a r e o r g a n i c a c i d s produced i n the 
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s o i l zone by b i o c h e m i c a l p r o c e s s e s , Humlc and f u l v l c a c i d s p l a y a 
major r o l e i n the development of s o i l and weathered p r o f i l e s and i n 
the t r a n s p o r t of d i s s o l v e d c o n s t i t u e n t s downwards towards the 
w a t e r t a b l e . 
7:1:12 G e o l o g i c a l C o n t r i b u t i o n s 
Quartz» and the a l u m i n o s i l i c a t e m i n e r a l s s u c h as f e l d s p a r s and 
micas present i n igneous r o c k s , were o r i g i n a l l y formed a t temperatures 
and p r e s s u r e s f a r above those o c c u r r i n g a t or near the e a r t h s s u r f a c e . 
As a consequence these m i n e r a l s i n the s o i l or s u b s u r f a c e r e g i o n s and 
I n the groundwater zone, a r e Chermodynamically u n s t a b l e and tend t o 
d i s s o l v e when i n c o n t a c t w i t h water. The d i s s o l u t i o n p r o c e s s e s c a u s e 
the groundwater to a c q u i r e d i s s o l v e d c o n s t i t u e n t s and the rock to 
a l t e r m i n e r a l o g i c a l l y . 
The d i s s o l u t i o n of f e l d s p a r s , micas and o t h e r s i l i c a t e m i n e r a l s 
i s s t r o n g l y i n f l u e n c e d by the c h e m i c a l l y - a g g r e s s i v e n a t u r e of the 
I n f i l t r a t i n g w a t e r s caused by d i s s o l v e d CO2. When the H2CO3 w a t e r s 
low i n d i s s o l v e d matter encounter s i l i c a t e m i n e r a l s h i g h i n c a t i o n s , 
then i o n s such as c a l c i u m and sodium along w i t h s i l i c a a r e l e a c h e d 
out. An a l u m i n o s i l i c a t e r e s i d u e i s produced w i t h an i n c r e a s e d A l : S i 
r a t i o , which i n c l u d e s o x i d e s of f e r r i c i r o n . 
Many m i n e r a l s t h a t e f f e c t the c h e m i c a l e v o l u t i o n of groundwater 
d i s s o l v e i n c o n g r u e n t l y , t h a t i s , one or more of the d i s s o l u t i o n 
products occur as m i n e r a l s or amorphous s o l i d s u b s t a n c e s . By 
c o n t r a s t , congruent d i s s o l u t i o n of m i n e r a l s produce d i s s o l v e d s p e c i e s . 
Most aluminium s i l i c a t e m i n e r a l s d i s s o l v e i n c o n g r u e n t l y . 
The r e s i d u e produced by the d i s s o l u t i o n of s i l i c a t e m i n e r a l s i n 
g r a n i t e s i s a c l a y m i n e r a l such as k a o l i n i t e , or i l l i t e . The c a t i o n s 
r e l e a s e d to the groundwater a r e normally sodium, potassium, magnesium 
and c a l c i u m . Magnesium can be b u i l t i n t o the c l a y m i n e r a l c r y s t a l 
s t r u c t u r e and thus i t s removal by s o l u t i o n p r o c e s s e s i s r e t a r d e d . 
Potassium, which competes s t r o n g l y i n i o n exchange p r o c e s s e s on c l a y 
m i n e r a l s u r f a c e s can a l s o become f i x e d by i n c l u s i o n between l a y e r s i n 
l a y e r - s t r u c t u r e d c l a y m i n e r a l s . 
I n the case of Igneous r o c k s , E r i k s s o n ( 1 9 6 0 ) suggested t h a t i t 
can be assumed q u a n t i t a t i v e l y t h a t a l l sodium and c a l c i u m goes i n t o 
s o l u t i o n and t h a t p r a c t i c a l l y a l l c a l c i u m and potassium i n r i v e r water 
can be accounted f o r by w e a t h e r i n g p r o c e s s e s . However, Gorham (1961) 
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suggested t h a t of the c o n c e n t r a t i o n s of c h l o r i d e found i n r i v e r w ater, 
only a v e r y s m a l l amount comes from the w e a t h e r i n g of Igneous r o c k s i n 
a catchment, s i n c e such r o c k s a r e d e f i c i e n t i n c a r b o n a t e s , s u l p h a t e 
and c h l o r i d e s . These c o n s t i t u e n t s , found i n waters from Igneous 
catchments ar e mainly d e r i v e d from p r e c i p i t a t i o n , (Rodda e t aj^. 1976). 
I n the case of Dartmoor both c h l o r i d e and s i g n i f i c a n t amounts of 
potassium a r e r e l a t e d to maritime s o u r c e s of p r e c i p i t a t i o n . 
7:1:13 C o n t r i b u t i o n s to R i v e r Water 
The q u a l i t y of water a t a p o i n t i n a r i v e r r e f l e c t s the 
c o n d i t i o n s p r e v a i l i n g I n the catchment a r e a above t h a t p o i n t . 
G e o l o g i c a l condltionia e x e r t an i n f l u e n c e on water q u a l i t y a s does the 
import of i o n s v i a p r e c i p i t a t i o n i n a r e g i o n . The c h e m i c a l nature of 
r i v e r s i s s u b j e c t to s e a s o n a l and s h o r t e r term v a r i a t i o n s , r e l a t e d to 
flow r a t e s . These i n t u r n a r e r e l a t e d to v a r y i n g c o n t r i b u t i o n s of 
d i f f e r e n t s o u r c e s making up the t o t a l flow a t any one time. There 
appears to be a broad I n v e r s e r e l a t i o n between the volume of r i v e r 
flow and i o n i c c o n c e n t r a t i o n of water. During dry p e r i o d s the i o n i c 
c o n c e n t r a t i o n of r i v e r water I s h i g h e r because more c o n c e n t r a t e d 
groundwaters may make a s i g n i f i c a n t c o n t r i b u t i o n . During h i g h e r 
r a i n f a l l p e r i o d s r i v e r flow has a l a r g e p r o p o r t i o n of d i r e c t r u n o f f 
which g e n e r a l l y has lower i o n i c c o n c e n t r a t i o n . However, C l e a v e s et_ 
a l . (1970) found that potassium, magnesium and s u l p h a t e c o n c e n t r a t i o n s 
I n c r e a s e d during f l o o d f l o w s . The s o u r c e of these c o n s t i t u t e n t s was 
from the l e a f l i t t e r and upper s o i l h o r i z o n s , which upon being 
' f l u s h e d * i n heavy r a i n f a l l e v e n t s r e l e a s e d s i g n i f i c a n t amounts of 
potassium and magnesium to streamwaters• 
7:1:14 Summary of Sources of I o n s 
The s o u r c e s of the f o u r elements measured i n the N a r r a t o r V a l l e y 
( c h l o r i d e , potassium, sodium and s i l i c a ) may be suimnarised b r i e f l y : 
1. Atmospheric C o n t r i b u t i o n s ( p r e c i p i t a t i o n , dry f a l l o u t ) 
T h i s source p r o v i d e s sodium and potassium, but predominantly 
c h l o r i d e I n the N a r r a t o r Catchment, The c o n c e n t r a t i o n s of 
these i o n s v a r y g r e a t l y , p a r t i c u l a r l y i n the c a s e of 
c h l o r i d e which i n c r e a s e s I n the w i n t e r months due t o the 
frequency of Incoming d e p r e s s i o n s from maritime a r e a s . 
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2. B i o l o g i c C o n t r i b u t i o n s ( v e g e t a t i o n and l i t t e r d e c a y ) 
T h i s source p r o v i d e s potassium and s i l i c a c o n t r i b u t i o n s 
which v a r y s e a s o n a l l y . Some c h l o r i d e i s provided by atmo-
s p h e r i c dry f a l l o u t onto v e g e t a t i o n s u r f a c e s . 
3. G e o l o g i c a l C o n t r i b u t i o n s ( s o u r c e rock g e o c h e m i s t r y , 
weathering p r o c e s s e s i n s u r f a c e zones) 
T h i s source p r o v i d e s mainly sodium, potassium and s i l i c a to 
groundwaters. The amount of c h l o r i d e produced i s minimal* 
Each of the above t h r e e s o u r c e s are c h a r a c t e r i s e d by v a r i a t i o n s 
which w i l l impart d i f f e r e n t geochemical r e s p o n s e s i n w a t e r s i n the 
N a r r a t o r Brook Catchment. These changes i n time a r e u t i l i s e d to 
determine the h y d r o g e o l o g i c a l response of a weathered g r a n i t e 
a q u i f e r . 
7:1:15 Se a s o n a l v a r i a t i o n s i n groundwater c h e m i s t r y 
Tardy ( 1 9 7 1 ) , d u r i n g i n v e s t i g a t i o n s w i t h geochemical d a t a of 
waters from European and A f r i c a n c r y s t a l l i n e m a s s i f s , p r e s e n t e d 
evidence to support the h y p o t h e s i s t h a t c h e m i c a l c o m p o s i t i o n s of water 
ar e s e n s i t i v e to both s e a s o n a l and c l i m a t i c v a r i a t i o n s . I n an attempt 
to r e l a t e c l i m a t i c v a r i a t i o n s i n groundwater c h e m i s t r y to those 
o c c u r r i n g as a r e s u l t of the geochemical dynamics of w e a t h e r i n g , i t 
was found that temperatures and annual r a i n f a l l v a r i a t i o n s i n t e r v e n e 
i n the course of s e a s o n a l rhythms (Tardy 1971). Such i n t e r v e n t i o n s 
modify the geochemical dynamics of weathering and as a consequence the 
geochemistry of the groundwaters a l t e r . I t i s i n f e r r e d from t h i s 
g l o b a l study t h a t s i l i c a t e m i n e r a l decomposition I s l i k e l y to i n c r e a s e 
during warmer and w e t t e r p e r i o d s of the y e a r , and c a t i o n c o n c e n t r a t i o n 
i n groundwaters i n c r e a s e s as a r e s u l t . I n c r y s t a l l i n e a r e a s the 
c h e m i c a l composition of water a r e s e n s i t i v e to s e a s o n a l v a r i a t i o n s and 
they r e f l e c t the e v o l u t i o n of weathering a t the mo ment of sampling 
(Tardy 1971). 
7:2 P r e s e n t a t i o n of Hydrochemical Data 
One of the major problems of hydrochemical i n v e s t i g a t i o n s i s the 
magnitude of the q u a n t i t i e s of data generated, and the subsequent 
problem of p r e s e n t a t i o n . S e v e r a l methods of data a n a l y s i s have been 
d e v i s e d to s i m p l i f y i n t e r p r e t a t i o n and p r e s e n t a t i o n . V a r i o u s s i m p l e 
procedures such as a v e r a g i n g , determining frequency d i s t r i b u t i o n s and 
making simple or m u l t i p l e c o r r e l a t i o n s a r e w i d e l y used i n water . 
a n a l y s i s i n t e r p r e t a t i o n (Hem 1970). 
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Histogram d i s p l a y s have long been used i n the l i t e r a t u r e , but 
t r i l i n e a r diagrams ( P i p e r 1944) and S t i f f diagrams ( S t i f f 1951) have 
become more commonly used because of t h e i r g r e a t e r v e r s a t i l i t y . 
T r i l i n e a r diagrams have two main drawbacks i n the l i g h t of t h i s 
p r e s e n t i n v e s t i g a t i o n : they i g n o r e many parameters s u i t a b l e f o r 
hydrochemical s t u d i e s , eg SIO2; and they may be ambiguous as they use 
the r e l a t i v e percentage of d i f f e r e n t i o n i c c o n c e n t r a t i o n s r a t h e r than 
a b s o l u t e c o n c e n t r a t i o n s . S t i f f diagrams can be d i s t i n c t i v e f o r 
showing groundwater c h e m i c a l d i f f e r e n c e s or s i m i l a r i t i e s , i n 
m i l l i e q u i v a l e n t s per l i t r e of c a t i o n s and a n i o n s . These diagrams r e l y 
on a n a l y s i s of a l l the major i o n s being undertaken i n groundwaters, 
but a g a i n omit s i l i c a c o n c e n t r a t i o n s , and so were not c o n s i d e r e d f o r 
present purposes. Ashley and L l o y d (1978) p o i n t e d out t h a t i n view of 
the l i m i t a t i o n s of e x i s t i n g methods and the i n c r e a s i n g number of 
ch e m i c a l parameters now being measured i n groundwaters t h e r e i s need 
f o r more wide ranging s t a t i s t i c a l a n a l y s i s of d a t a . These a u t h o r s 
suggested m u l t i v a r i a t e t e s t s , i n c l u d i n g f a c t o r and c l u s t e r a n a l y s i s 
e s p e c i a l l y f o r c h e m i c a l i n t e r p r e t a t i o n on a r e g i o n a l s c a l e . 
Lahermo (1970, 1971) i n the I n t e r p r e t a t i o n of the geochemistry of 
groundwaters i n F i n l a n d , made e x t e n s i v e use of graphs of p e r i o d i c 
s o l u t e v a r i a t i o n s , cumulative c u r v e s , bargraphs of r e g i o n a l c h e m i c a l 
c o n c e n t r a t i o n s , and average r a t i o s of d i s s o l v e d c o n s t i t u e n t s . 
E x h a u s t i v e use^as made of c o r r e l a t i o n s between each of the d i s s o l v e d 
elements, pH and e l e c t r i c a l c o n d u c t i v i t y to e x p l a i n the u n d e r l y i n g 
causes of v a r i a b i l i t y i n water c h e m i s t r y . Although Lahermo's (1970) 
i n v e s t i g a t i o n i s on a r e g i o n a l s c a l e , no r e s o r t i s made to 
m u l t i v a r i a t e a n a l y s i s i n h i s I n t e r p r e t a t i o n . 
K e l l e r (1970) used average v a l u e s and s t a n d a r d d e v i a t i o n s to 
i n v e s t i g a t e v a r i a t i o n s I n streamwater c h e m i s t r y i n f i v e catchment i n 
the P r e a l p s of S w i t z e r l a n d . V a r i a n c e s and s t a n d a r d d e v i a t i o n of 
ch e m i c a l data a r e a l s o used s u c c e s s f u l l y by t h i s author, to i s o l a t e 
c hemical components showing c o n s i d e r a b l e v a r i a t i o n i n time and 
l o c a t i o n , which were then i n c o r p o r a t e d i n t o a s t e p w i s e r e g r e s s i o n . 
F o s t e r (1979) used mean, s t a n d a r d d e v i a t i o n and C h i - s q u a r e s t a t i s t i c s 
to i s o l a t e the degree of v a r i a b i l i t y i n s o l u t e c h a r a c t e r i s t i c s 
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e x h i b i t e d by a s m a l l catchment i n e a s t Devon, and to e x p l a i n such 
d i f f e r e n c e s i n terms of bi o g e o c h e m i c a l c o n t r o l . T h i s a n a l y s i s ( F o s t e r 
1979) i n d i c a t e d the p o t e n t i a l geochemlcal, b i o l o g i c a l and atmospheric 
c o n t r o l s on s o l u t e l e v e l s under d i f f e r i n g l and use and d r a i n a g e 
c o n d i t i o n s u s i n g these s i m p l e s t a t i s t i c a l t e c h n i q u e s . 
7:3 Chemistry of Groundwater and S u r f a c e Waters i n the N a r r a t o r 
V a l l e y 
The main so u r c e s and g e n e r a l c o n c e n t r a t i o n s of c h l o r i d e , s i l i c a , 
sodium and potassium i n igneous a r e a s have been p r e s e n t e d i n o r d e r to 
p l a c e the groundwater and a s s o c i a t e d s u r f a c e water c h e m i s t r y of the 
N a r r a t o r V a l l e y i n t o i t s expected n a t u r a l geochemical s e t t i n g . 
7:3:1 Seasonal Trends i n Water Chemistry: Temporal P a t t e r n s 
Maximum and minimum v a l u e s f o r temperature, pH, e l e c t r i c a l 
c o n d u c t i v i t y , c h l o r i d e , s i l i c a , sodium and potassium i n groundwaters, 
streamwater, p r e c i p i t a t i o n and stemflow waters i n the N a r r a t o r V a l l e y 
a r e summarised i n Table 7:4. Mean v a l u e s f o r each s i t e over the 
r e s e a r c h p e r i o d a r e l i s t e d i n Ta b l e 7:5. As t h e r e was l i t t l e weekly 
change i n the measured parameters l o n g e r term t r e n d s were sought and 
the average monthly v a l u e s a r e p r e s e n t e d i n F i g u r e s 7:1 to 7:7, The 
st a n d a r d d e v i a t i o n of the parameters l i s t e d above, determined from the 
weekly o b s e r v a t i o n s , were computed and t h e i r d i s t r i b u t i o n s d i s c u s s e d 
i n s e c t i o n 7:A. 
T a b l e 7:4 Maximum and minimum v a l u e s of temperature, pH, e l e c t r i c a l 
c o n d u c t i v i t y , c h l o r i d e , s i l i c a , sodium, and potassium i n groundwaters, 
s u r f a c e w a t e r s , p r e c i p i t a t i o n and stemflow i n the N a r r a t o r Brook 
Catchment 
Source E.C. St02 Na K 
•^ c \iS/an • 
Precipitation 3.4-5.2 30-205 2.6-43 <0.1 2.2-33.0 0.5-5.9 
Stemflow - 3.5-5.5 142-341 11.0-81.0 <0.1 12.0-46.0 1.8-7.5 
Stream flow 5.6-12.3 4.6-5.5 52-64 9.9-U.O 4.2-6.8 4.5-6.0 0.56-0.87 
Spring flow 8.9-9.9 4.0-4.9 58-100 9.0-18.0 4.2-10.0 4.a-«.8 0.5-1.4 
W?n vaters 4.2-13.5 4.2-5.9 52-172 9.0-41.0 2.5-10.7 3.0-22.0 0.5-2.8 
-1 * ionic concentrations are i n 1 
N.B. E l e c t r i c a l condictlvity Mnhos/cm = nS/cm 
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Table 7:5 Mean v a l u e s of temperate, pH, e l e c t r i c a l c o n d u c t i v i t y , 
c h l o r i d e , s i l i c a , sodium and potassium i n the N a r r a t o r V a l l e y 
L o c a t i o n Temperature 
•*c 
pH E l e c t r i c a l 
C o n d u c t i v i t y 
jiS/cm 
C l - SIO2 Na+ K+ 
mg : 
Well 1 9.7 4.9 73.64 io.4 5.3 5.2 0.9 
Well 2 9.3 5.2 110.6 15.4 5.7 7.2 2.6 
Well 3 9.2 4.7 81.6 13.6 8.5 6.9 1.9 
Well 4 9.6 5.4 122.9 14.3 8.4 12.0 1.4 
Well 6 9.5 5.4 99.4 13.1 7.2 6.1 1.8 
Well 7 8.5 4.9 125.3 23.5 3.2 7.6 0.9 
Well 9 9.2 4.8 77.5 13.8 6.8 6.8 1.8 
Well 10 9.3 4.8 70.9 12.6 9.5 6.4 1.5 
Well 11 8.9 4.4 86.9 15.6 7.0 7.7 1.2 
S p . l l 9.5 4.6 93.2 15.5 8.7 7.6 1.2 
Well 12 9.2 4.5 63.5 11.8 6.8 6.0 1.0 
Sp.12/13 9.4 4.3 63.1 11.7 5.4 5.6 0.8 
Well 13 9.3 4.8 83.4 13.9 7.1 6.5 1.5 
Well 14 8.8 4.8 107.5 14.5 7.4 7.1 1.8 
Well 15 9.0 5.2 98.12 15.8 5.4 6.9 2.0 
N. Brook 9.2 5.1 57.4 11.2 5.5 5.4 0.7 
RF7 - 4.0 76.91 13.7 T r a c e 6.5 1.2 
RF9 - 3.8 130.2 18.2 T r a c e 14.4 1.9 
R F U - 3.8 110.3 17.6 T r a c e 11.5 1.4 
Stem Flow ( S F ) — 4.4 213.1 50.0 <0.01 30.2 3.9 
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M E A N M O N T H L Y V A L U E S : pH 
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1 2 0 
1 1 0 
1 0 0 
9 0 
8 0 
9d 
8 0 
7 5 
65= 
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9 0' 
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l i 
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7 0 
6 0 
W E L L 1 5 
W E L L 9 
W E L L 1 3 
W E L L 12 
W E L L 1 
W E L L 1 0 
S P . 1 2 / 1 3 
W E L L 7 
W E L L 6 
W E L L 3 
W E L L 2 
W E L L 1 
F M 
1 9 7 9 
M 
J 1 
J F 
19 8 0 
F I G U R E 7 . 3 a . 
M E A N M O N T H L Y V A L U E S : 
E L E C T R I C A L C O N D U C T I V I T Y 
N A R R A T O R B R O O K 1 9 7 9 - 1 9 8 0 
2 1 0 
2 0 0 
1 9 0 
1 8 0 
1 7 0 
1 6 0 
1 5 0 
1 L 0 
1 3 0 
1 2 0 
1 1 0 
1 0 0 
9 0 
8 0 
7 0 
6 0 
5 0 
L 0 
3 0 
6 0 
5 0. 
U 0 
o 1 3 0 
a 
2 1 2 0 
E 
u 
« 
o 
E 
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o 
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1 0 0 
lU 
cr 9 0 
8 0 
7 0 
1 A O 
I 3 0 
1 2 0 
I I 0 
1 0 0 
9 0 
8 0 
R . F . 9 
N. B R 0 0 K 
R. F. 11 
S P . 11 
W E L L U 
W E L L L 
F 
1 9 7 9 
M M 
J 1 
J F 
1 9 8 0 
F I G U R E 7 . 3 b. 
M E A N M O N T H L Y V A L U E S : 
E L E C T R I C A L C O N D U C T I V I T Y 
N A R R A T O R B R O O K 1 9 7 9 - 1 9 8 0 
R . F . 7 
R.F.11 
R.F. 9 
• N. B R O O K 
SP. 1 2 / 1 3 
S P . 11 
W E L L 15 
W E L L n 
W E L L 3 
W E L L 2 
• W E L L 11 
W E L L 10 
W E L L 9 
W E L L 7 
W E L L 6 W E L L 
W E L L 3 
W E L L 2 
W E L L 1 
19 a o 
F 
1 9 7 9 
F I G U R E 1 • U . 
M E A N M O N T H L Y C H L O R I D E ( C L ' ) 
N A R R A T O R B R O O K 1 9 7 9 - 1 9 8 0 
V A L U E S 
E 
O 
6 - 4 
4 . 2 
6 - 4 
7 . 4 
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7- 4^  
6- 4 
8 . 5 
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4 2 
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6 - 4 
8 - 5 
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2 - 1 
F 
1 9 7 9 
N. B R O O K 
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S P . 11 
W E L L 1 5 
W E L L 14 
W E L L 13 
W E L L 1 2 
W E L L 11 
W E L L 10 
W E L L 9 
W E L L 7 
W E L L 6 W E L L 4 
W E L L 3 
W E L L 2 
W E L L 1 
J I L 
M M 
F I G U R E 7 - 5 . 
M E A N M O N T H L Y S I L I C A 
N A R R A T O R B R O O K 19 7 9 - 1 9 8 0 
( S i O2 ) 
J F 
1 9 8 0 
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10. Or-
1 9 7 9 1 9 8 0 
W E L L U 
W E L L 15 
W E L L 13 
W E L L 12 
W E L L 11 
W E L L 10 
W E LL 7 
W E L L 9 
W E L L 3 
W E L L 2 
W E L L 1 
F I G U R E 7 - 6 a . 
M E A N M O N T H L Y V A L U E S : S O D I U M ( N a ) 
N A R R A T O R B R O O K 1 9 7 9 - 1 9 8 0 
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2 6 - 0 
2U- 0 
2 2 0 
2 0 0 
1 8 0 
1 6- 0 
1 ^ 0 
1 2 0 
1 0 0 
8 - 0 
- 6 0 
E 
^ - 0 
Z 6 0 
5 0 
A O 
6 0 
5 - 0 
8 0 
7 - 0 
6 0 
5 . 0 
A-O 
F M 
1 9 7 9 
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R . R 11 
N. B R 0 0 K 
S R 1 2 / 1 3 
S P . 1 1 
W E L L 6 
J F 
1 9 8 0 
F I G U R E 7 . 6 b . 
M E A N M O N T H L Y V A L U E S : S O D I U M ( N a ) 
N A R R A T O R B R O O K 1 9 7 9 - 1 9 8 0 
3 0 r 
o> 1 
E 
^ 1 
2 
1 
2 
1 
1 
2 
1 
1 O H 
R . F . 9 
R . R 7 
R . F . 11 
N . B R O O K 
S P . 1 2 / 1 3 
S P . 11 
W E L L 15 
W E L L U 
W E L L 3 
W E L L 1 2 
W E L L 11 
W E L L 10 
W E L L 9 
W E L L 7 
W E L L 6 
W E L L i 
1 9 8 0 1 9 7 9 
W E L L 3 
W E L L 2 
W E L L 1 
F I G U R E 7 7 . 
M E A N M O N T H L Y V A L U E S 
N A R R A T O R B R O O K 1 9 7 9 
P O T A S S I U M ( K ) 
1 9 8 0 
7:3:2 Groundwater Temperatures 
Groundwater temperature f l u c t u a t i o n s are an e f f e c t i v e means 
whereby the possible source and l i k e l y depth of the water can be 
determined (Freeze and Cherry 1979). V a r i a b i l i t y I n groundwater 
temperatures may be a t t r i b u t e d t o : 
(1) a i r and s o l i temperatures which p r e v a i l when p r e c i p i t a t i o n 
f a l l s . These may Impart a seasonal rhythm to groundwater 
temperature fl u c t u a t i o n s at shallow depths. 
(11) the residence time In the ground and the degree of mixing of 
d i f f e r e n t groundwater sources In w e l l , spring or stream 
locations. Ambient a i r temperatures may a f f e c t deeper 
groundwaters as they move towards the surface. 
The range of water temperatures In the Narrator Brook Catchment 
experienced during the research period are i l l u s t r a t e d I n Figures 
7:1a, 7:1b. The shallow wells 3, 4 and 6 show a seasonal temperature 
range sim i l a r to that experienced I n the Narrator Brook I t s e l f , which 
r e f l e c t s the pattern of the a i r temperatures (Figure 7:1b). Wells 9, 
10, 11, 12 and 13 show a similar but more subdued annual pattern. 
Wells 1, 2; 7, 14 and 15 e x h i b i t very small annual temperature ranges, 
and the two springs maintain a more or less constant temperature 
throughout the year. 
Air temperatures at the time of sampling may s l i g h t l y modify 
water temperatures but these are not considered to have a s i g n i f i c a n t 
e f f e c t on the measured groundwater temperatures. In the case of the 
wells, temperatures were a l l determined at depth, or i n the case of 
the springs at the point of emergence. 
Inferences about the depths from which the groundwaters o r i g i n a t e 
can be drawn from the standard deviation of water temperature 
fluctuations ( P i t t y e£al. 1979). A wide temperature range and large 
standard deviations suggests near-surface flow, where waters with a 
narrow annual temperature range, and small standard deviations are 
ch a r a c t e r i s t i c of a deeper groundwater source. Figure 7:8 I l l u s t r a t e s 
the d i s t r i b u t i o n of standard deviations of temperatures over the 
catchment. Spring 11 shows the smallest standard deviation. Both 
springs disrupt the standard deviation pattern shown by the w e l l s , 
which suggests that the spring waters come from much deeper levels 
w i t h i n the catchment. 
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With reference to Table 7:6 i t can be seen that groundwaters with 
standard deviations greater than u n i t y are interpreted as being from 
shallow sources which are markedly influenced by seasonal temperature 
f l u c t u a t i o n s . Wells with groundwaters from deeper sources, 1, 2, 7, 
14, 15, show lower standard deviations as do the waters from Che 
springs with standard deviations of (0.54) Sp-U, and (0.71) Sp. 12/13. 
Ternan and Williams (1979), working on springs higher upstream i n the 
catchment found standard deviations as low as 0.12, suggesting that 
some sources outside the immediate area under consideration here, have 
much deeper or i g i n s w i t h i n the weathered granite v a l l e y . 
Table 7:6 A standard deviation of water temperatures and s o i l 
temperatures i n the Narrator Valley with w e l l depth and s i t e 
elevation 
Well Depth Topographic Mean Standard 
Height (m) Temperature Deviation of 
Temperature 
1 19.25 239.51 9.7 0.69 
2 18.75 230.31 9.3 0.76 
3 2.29 223.09 9.2 2.98 
4 1.30 223.13 9.6 3.12 
6 5.63 220.24 9.5 2.81 
7 13.50 228.33 8.5 0.82 
9 14.72 237.62 9.2 1.05 
10 9.67 234.62 9.3 1.31 
11 4.80 230.86 8.9 2.14 
12 9.39 242.44 9.2 1.43 
13 10.33 248.11 9.3 1.22 
14 12.76 248.09 8.8 0.93 
15 14.45 240.89 9.0 0.99 
N.B. - 220.0 9.2 2.36 Sp.U - 230.0 9.5 0.54 
Sp.12/13 - 245.0 9.4 0.71 Soil temperatures 
Yellow Mead 0.30 304.0 8.69 3.15 
0.60 304.0 8.64 2.69 
The relationship between we l l depth (and hence depth of 
groundwater source) and the standard deviations of temperature 
flu c t u a t i o n s i n the Narrator Valley are i l l u s t r a t e d i n Figure 7:9. In 
the weathered granite horizons of the Narrator Valley, the deeper the 
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groundwater source, Che smaller the annual temperature range. 
Soil temperatures at depths of 30cm and 60cm from Yellowmead I n 
the Narrator Catchment, have standard deviations of 3.15 and 2.69 
respectively (Williams pers. comm. 1982). These have been p l o t t e d i n 
Figure 7:9 and follow the general trend. A regression l i n e was f i t t e d 
and a c o r r e l a t i o n c o e f f i c i e n t of 0.92 calculated ( s i g n i f i c a n t at 0.005 
Level). Using the derived .regression equation and the standard 
deviation of spring temperatures an estimate of the probable depth of 
flow was derived: 
Standard Deviation Depth 
Spring 11 0.54 17.70 
Spring 12/13 0.71 16.50 
These locations are indicated i n envelopes on the regression p l o t of 
Figure 7:9. 
Five main groupings are evident from Figure 7:9. Group A 
consists of the two springs and the two deepest wells (Well 1 and 2) 
i n the catchment a l l possessing the lowest standard deviation of 
temperature. Group B consists of Wells 7, 9, 14 and 15 ranging from 
depths of 13.50 - 14.45m. Group C Includes Wells 10, 12 and 13 at 
depths between 9.3-10.3m, and group D includes Wells 6 and 11. Group 
E consists of the shallowest wells 3 and 4 along with s o i l 
temperatures from the higher reaches of the catchment. This group 
shows the highest standard deviation. Waters derived from a 
homogeneous aquifer-unit from comparible depths would be expected to 
have a s i m i l a r temperature range, a feature which i s not 
cha r a c t e r i s t i c of the Narrator Valley wells. There i s a wide 
v a r i a t i o n i n the depths of the wells, and hence groundwater sampled 
and even i n situations where wells of s i m i l a r depths are measured 
there are marked differences i n standard deviation of temperatures 
(Table 7:6). This suggests that wells may penetrate localised 
discrete groundwater bodies at d i f f e r e n t levels w i t h i n the v a l l e y 
aquifer, a hypothesis which i s supported by analysis of water l e v e l 
f l u c tuations (Chapter 5) and by chemical considerations, section 7:4. 
Based on the standard deviation of the groundwater temperatures 
and we l l depths i n the Narrator Brook Catchment (Table 7:6) the 
sources of flow can be assigned as follows: the shallowest source at 
approximately less than 6m below ground l e v e l penetrated by Wells 3, 
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4y 6 and 11; the deepest source at depths between 16-20m, penetrated 
by Wells 1, 2, and possibly by the two springs. Intermediate source 
depths can be found from 9-15m as intersected by Wells 10, 12, 13, 7, 
9, 14, 15. These intermediate sources may w e l l be the r e s u l t of a 
combination of perched water bodies above clay layers on the v a l l e y 
sides. 
7:3:3 pH 
pH of groundwaters varied between 4.2 and 5.9 (Table 7:4), 
R a i n f a l l and stemflow waters were even more acidic w i t h values between 
pH 3.4-5.5 (Figure 7:2). pH values measured i n groundwaters showed 
l i t t l e v a r i a t i o n throughout the research period. The d i s t r i b u t i o n of 
the standard deviation of pH i n the catchment i s i l l u s t r a t e d i n Figure 
7:10. The lowest standard deviation i s i n the l o c a t i o n of Well 11 and 
Spring 11, and the higher zones are around Well 6 and 4. The greater 
variations of pH at Wells 6 and 4 can be a t t r i b u t e d to the i n f l u x of 
surface waters at various periods during the year. 
7:3:4 E l e c t r i c a l conductivity 
Conductivity data f o r the waters of the Narrator Brook Catchment 
are presented i n Tables 7:4, 7:5 and Figure 7:11, High conductivity 
values occurred at several s i t e s , p a r t i c u l a r l y Wells 3 and 4, and may 
be a t t r i b u t a b l e to evaporation of standing water i n the v i c i n i t y of 
these wells, together with solutes released from decomposing l i t t e r . 
Large v a r i a b i l i t y i n e l e c t r i c a l conductivity at Well 6 may also be 
related to the ingress of drainage waters, as the s i t e becomes flooded 
during wet weather. 
In stemflow measurements i n the catchment e l e c t r i c a l conductivity 
varied from 142-341 nS/cm c o n s t i t u t i n g the highest values recorded i n 
the catchment (Table 7:4). Well 1 possesses the lowest standard 
deviation of e l e c t r i c a l conductivity, i n d i c a t i n g a more constant 
source of recharge waters. Wells 13, 14 and 15 have the highest 
standard deviation i n d i c a t i n g the v a r i a b i l i t y and possible r e t e n t i o n 
of recharge waters at these locations. Wells 9, 10, 11 and 12, 
together with Sp.U, and Sp. 12/13 a l l have standard deviations of 
e l e c t r i c a l conductivity measurements of a s i m i l a r magnitude. Well 7 
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i s noticeable having a standard deviation of conductivity greater than 
those of Wells 1, 3, 9, 10, 11, 12 and less than those of Wells 2, 4, 
6, 13, 14 and 15. 
7:3:5 Chloride 
Chloride concentration I n r a i n f a l l i s higher i n the winter months 
r e f l e c t i n g the greater frequency of maritime storms over Dartmoor 
(Figure 7:4). Chloride i n groundwater shows a s l i g h t seasonal trend 
i n accordance with r a i n f a l l values although peaks i n chloride 
concentrations i n groundwater are retarded by one to two months 
(Figure 7:4). Chloride i n Well 7 however are almost coincident w i t h 
the peaks and troughs of the r a i n f a l l chloride values. Well 7 has the 
highest chloride value i n the groundwater i n the catchment. Stemflow 
waters had the highest chloride value recorded, emphasising the 
Importance of dry f a l l o u t and vegetational influences on chloride 
inputs. The lowest values were recorded at Well 1, Sp.12/13 and the 
Narrator Brook. 
The mapped d i s t r i b u t i o n of the standard deviation of chloride 
values i n groundwater i n the Narrator Valley Is i l l u s t r a t e d i n Figure 
7:12. Wells 13, 14 and 15 show intermediate standard deviation values 
for chloride while the majority of the other sources have standard 
deviations of less than 3.2. Well 7 i s a notable exception w i t h the 
highest standard deviation f o r chloride of 9.73. Wells 3 and 4 also 
show high values I n d i c a t i v e of the wide v a r i a t i o n i n input 
concentrations of both groundwater and surface water at these 
locations. Wells 1 and 11 show the lowest standard deviation of 
chloride i n the observation wells i n the catchment. 
7:3:6 S i l i c a 
Figure 7:5 i l l u s t r a t e s that there i s l i t t l e seasonal trend of 
s i l i c a i n groundwaters and surface waters of the Narrator Valley. The 
annual range i s from 2.5 - 10.7 mg 1~^ s i l i c a i n groundwaters from the 
catchment. Wells 3, 4, 10 and Spring 11 have the highest mean values 
(Table 7:5) of 8.5, 8.4, 9.5 and 8.7 mg 1-^ s i l i c a respectively. Well 
7 has pe r s i s t e n t l y low s i l i c a concentrations with a mean of 3.2 mg 
1"^. Lower s i l i c a concentrations could be associated with the 
greatest frequency of flow i n the aquifer, so that contact time w i t h 
weathered granite i s minimised and hence the solute concentration of 
groundwater i s reduced. Water from greater depths. Spring 11, has a 
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longer residence time, and therefore a longer contact time with 
s i l i c a t e minerals. 
Williams et^ a l . (1981) found that waters from below the fragipan 
i n weathered r e g o l l t h i n the Narrator Valley, was found to have a 
higher s i l i c a content (mean 5.88 mg/1) than shallower i n t e r f l o w 
waters. This was interpreted as water having a deep source, or a 
shallower source passing through accumulations of weathered materials 
which retard the flow v e l o c i t i e s and increase residence times and 
hence solute concentrations. The low standard deviations of s i l i c a i n 
groundwaters r e f l e c t the constancy of t h i s element i n the Narrator 
Valley and the d i s t r i b u t i o n of the standard deviations are i l l u s t r a t e d 
i n Figure 7:13. Well 11 appears to be the centre of an area of low 
standard deviation i n s i l i c a r e f l e c t i n g the constancy of the source of 
groundwater at t h i s location. 
7:3:7 Sodium 
Mean monthly sodium concentrations i n the Narrator Brook are 
i l l u s t r a t e d i n Figures 7:6a and 7:6b. Sodium i s higher i n r a i n f a l l i n 
the winter months as Indeed are e l e c t r i c a l conductivity and chloride 
concentrations, r e f l e c t i n g the maritime influences on south westerly 
p r e c i p i t a t i o n events over Dartmoor during the winter. Sodium i n 
groundwaters i s higher during June to November when feldspar 
weathering i s l i k e l y to be more rapid during the warmer months, and 
hence more sodium i s released. 
An exception to t h i s general pattern i s found i n Well 7 whose 
sodium concentration increases during November to May, s i m i l a r to 
r a i n f a l l trends. As can be seen from Tables 7:4 and 7:5 the higher 
sodium t o t a l s i n p r e c i p i t a t i o n are not maintained i n groundwaters 
suggesting that adsorption and exchange processes are active i n the 
unsaturated zone i n the catchment. Wells 4 and 7 have the highest 
sodium concentrations with the lowest values being recorded at Well 1 
and Spring 12/13. 
The d i s t r i b u t i o n of the standard deviation of sodium i n the 
groundwaters i n the catchment i s mapped i n Figure 7:14. Wells i n the 
clay areas, (Wells 9, 13, 14, 15 and Spring 11) have high standard 
deviations as do the r i v e r s i d e s i t e s Wells 3, 4 and Well 7. Spring 
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12/13 and the Narrator Brook I t s e l f have the lowest standard deviation 
of sodium, suggesting a more constant source at these two locations. 
7:3:8 Potassium 
Potassium values i n wells and springs i n the catchment show a 
lower seasonal v a r i a t i o n than those i n r a i n f a l l (Figure 7:7). Higher 
potassium values are apparent i n r a i n f a l l during the. summer months, a 
pattern which i s ref l e c t e d i n groundwater values. Given that 
potassium i s an essential plant n u t r i e n t maximum demands w i l l be made 
on potassium during the growing season of plants. This uptake may be 
modified by potassium released during the summer months from feldspar 
weathering. The higher summer values of potassium may also be 
a t t r i b u t e d to f o l i a r leaching e f f e c t s as p r e c i p i t a t i o n i n f i l t r a t e s the 
forest canopy. A peak i n potassium values i n groundwater would be 
expected i n the autumn/early winter due to contributions from decaying 
vegetation. These peaks are not evident i n groundwaters i n the 
Narrator Brook Catchment (Figure 7:7). 
The d i s t r i b u t i o n of standard deviation of potassium I n 
groundwaters i n the Narrator Catchment are I l l u s t r a t e d I n Figure 7:15. 
The higher standard deviation for potassium are shown by the deeper 
wells on the south side of the stream. Wells 9, 13, 14, 15 and by the 
springs. The springs, by v i r t u e of t h e i r physical l o c a t i o n (hollows 
i n the ground) c o l l e c t large amounts of decaying vegetation which may 
account for the higher standard deviations for potassium experienced. 
The deep Well 1 on the north side of the v a l l e y has a low standard 
deviation value f o r i t s elevation, which i s at variance with 
conditions on the south side of the v a l l e y . Shallower wells i n the 
catchment show intermediate to low standard deviations f o r potassium 
as i l l u s t r a t e d i n Figure 7:15. The region i n the neighbourhood of 
Well 12 and 11 (Figure 7:15) show the lowest standard deviation f o r 
potassium levels of groundwaters i n the catchment. 
7:3:9 Summary of Temporal Patterns i n Groundwaters from the 
Narrator Brook Catchment 
Figures 7:16a,b summarise mean values of temperature, pH, 
e l e c t r i c a l conductivity, chloride, s i l i c a , potassium and sodium i n the 
wells and springs monitored i n the Narrator Valley. The s i m i l a r i t i e s 
between the groundwaters at each s i t e are evident, and Well 7 displays 
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a marked difference from the other groundwaters sampled. These 
anomalous features are fur t h e r discussed i n Section 7:5:3. 
From Tables 7:6-7:12 and more p a r t i c u l a r l y from Figures 7:10-7:15 
the area for the lowest standard deviations (apart from e l e c t r i c a l 
conductivity) i s found predominantly i n the v i c i n i t y of Spring 11 and 
Well 11. The standard deviations of a l l the measured parameters 
increase i n the downstream d i r e c t i o n towards the reservoir. Areas 
with anomalously high standard deviations of e l e c t r i c a l c o n d u c t i v i t y , 
chloride and sodium are found i n the v i c i n i t y of Wells 4, 6, 7 and 
14. 
The lowest standard deviations for temperature, pH, e l e c t r i c a l 
conductivity, chloride, s i l i c a , sodium and potassium i n the Narrator 
Valley are summarised i n Table 7:7. These values suggest that Spring 
12/13, Well 11 and Well 1 have the most constant groundwater 
concentrations, and hence sources, followed by Spring 11, Wells 2, 7 
and 12 respectively. 
Table 7:7 Standard deviations of the most constant groundwater 
constituents i n the Narrator Brook Catchment 
Site 1 2 7 10 11 Sp.l l 12 Sp.12/13 
Standard Deviation 
Temperature 0.69 0.76 0.82 - - 0.54 - 0.71 
pH 0.21 - 0.21 - 0.17 0.18 - 0.21 E l e c t r i c a l 2.9 - - 3.0 - - 3.0 3.3 conductivity 
Chloride 1.5 2.46 - - 1.91 2.52 - 2.36 S i l i c a - 0.68 0.68 - 0.45 - 0.67 0.64 Sodium - - - - 0.76 - 0.78 0.64 Potassium 0.3 — — — 0.26 — 0.18 — 
7:3:10 Hydrogeologlcal Groupings Based on Water Chemistry 
The parameters measured at each location i n the Narrator 
Catchment suggest that o v e r a l l there i s a s i m i l a r i t y between a l l the 
groundwaters sampled. From the monthly chemical v a r i a t i o n - p l o t s 
(Figures 7:1 to 7:7) i n association with the mapped d i s t r i b u t i o n of 
the standard deviations (Figures 7:10 to 7:15) the wells may be 
assigned to six hydrogeologlcal groupings which show s i m i l a r 
patterns: 
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Groups ( i ) ( i l ) ( i i i ) ( i v ) ( v ) ( v i ) 
S i t e s 3 10 1 9 S p . l l 7 
4 12 2 lA Sp.12/13 
6 13 15 
11 
Well Groups ( i ) , ( i i ) , (111) and ( I v ) comprise the same groups as 
those groups chosen by the change I n water l e v e l maps; a n a l y s i s o f 
variance; and hydrograph amplitude as described i n Chapter 5. The 
springs are not Included i n former h y d r o g e o l o g i c a l groupings, and the 
I s o l a t i o n of Well 7 I n a group on i t s own h i g h l i g h t s the d i f f e r e n c e s 
i n i t s geochemlcal responses. The anomalous p o s i t i o n o f Well 7 i s 
f u r t h e r discussed i n Section 7:5:3. 
7:3:11 Comparison w i t h groundwaters of oth e r g r a n i t i c areas 
Table 7:8 summarises the chemical components i n the s p r i n g and 
obs e r v a t i o n w e l l waters i n Che Na r r a t o r Brook Catchment, and by means 
of a comparison, t a b u l a t e s c h a r a c t e r i s t i c s o l u t e contents o f 
groundwater and sp r l n g w a t e r s , where a v a i l a b l e , from o t h e r g r a n i t e 
t e r r a i n s i n the UK. As can be seen from t h i s t a b l e the pH o f the 
groundwaters i n the Na r r a t o r V a l l e y are the most a c i d i c r e f l e c t i n g the 
i n f l u e n c e of peat r u n o f f on o v e r a l l groundwater chemistry, s i m i l a r 
f e a t u r e s are observeable i n peat based s p r i n g s i n the Caithness area 
(Kay pers. comm. 1980). Chloride values from a l l the w e l l s and 
springs i n g r a n i t e areas of the U.K. are s i m i l a r r e f l e c t i n g 
p r e c i p i t a t i o n i n p u t s and v a r i a t i o n s i n l o c a l g e o l o g i c a l c o n d i t i o n s . 
One exception t o t h i s are the h i g h l e v e l s experienced i n the I s l e s o f 
S c i l l y which may be a t t r i b u t a b l e t o the i n f l u e n c e o f the sea on 
c h l o r i d e content o f r a i n f a l l . S i l i c a values are w i t h i n the range 
quoted by Davis (1964) of between 10-30 mg/1, alth o u g h some waters 
from the S c o t t i s h g r a n i t e s and the Na r r a t o r V a l l e y are lower. 
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Table 7:8 Comparison of Groundwater Chemistry from G r a n i t e Areas I n 
the U.K. 
SITE Narrat o r Brook 
Catchment 
Altnabreac 
Scotland 
I s l e s of 
S c l l l y 
Cornish 
Mines 
Parameter Wells Springs Wells Springs Boreholes 
I n G r a n i t e 
Fissures 
and 
Springs 
pH 
C h l o r i d e 
S i l i c a 
Sodium 
Potassium 
4.2-5.9 
9.0-41.0 
2.5-10.7 
3.0-22.0 
0.5-2.8 
4.0-4.9 
9.0-18.0 
4.2-10.0 
4.0-8.8 
0.5-1.4 
5.3-7.4 
20-27 
4-41 
13-32 
0.86-6.9 
4.2-7.7 
14.9-31 
<0.05-17.3 
10.7-19.5 
0.4-3.7 
5-5.8 
107-124 
9.1-32 
5-7.2 
27-11,500 
18.6-47.1 
36-4,440 
2.6-180 
Author 
This study G l e n d l n l n g (1980) 
B l n n l e and 
P a r t n e r s 
(1971) 
Kay,(pers. 
comm. 
1982) 
7:4 Trends I n Groundwater Chemistry; 
S p a t i a l P a t t e r n s 
I n order t o determine whether the groundwater I n the N a r r a t o r 
Brook Catchment comes from a c h e m i c a l l y homogeneous a q u i f e r a number 
of simple s t a t i s t i c a l t e s t s were c a r r i e d out on the chemical data. 
7:4:1 The Use of Simple S t a t i s t i c a l Techniques t o determine S p a t i a l 
V a r i a t i o n s 
U t i l i s i n g c o r r e l a t i o n c o e f f i c i e n t s as a means o f i d e n t i f y i n g 
s i m i l a r i t y or d i s p a r i t y i n the chemical data, a cross c o r r e l a t i o n o f 
element c o n c e n t r a t i o n s between the w e l l s , s p r i n g s and r i v e r water was 
c a r r i e d o u t . By t h i s means i t was Intended t o i d e n t i f y marked 
d i f f e r e n c e s between groundwaters a t each l o c a t i o n , and t o form a more 
r i g o r o u s basis f o r h y d r ^ e o l o g i c a l groupings on the v a r i a t i o n s of 
groundwater chemistry. The c o r r e l a t i o n m a t r i x so produced are 
I l l u s t r a t e d i n Table 7:9 i n which a l l c o r r e l a t i o n c o e f f i c i e n t s 
s i g n i f i c a n t at 0.01 s i g n i f i c a n c e l e v e l are t a b u l a t e d . 
S i t e s which show two, or l e s s than two s i g n i f i c a n t c o r r e l a t i o n s 
between the s i t e s , have the l e a s t degree of s i m i l a r i t y i n terms of 
t h e i r chemical c h a r a c t e r i s t i c s . These are marked w i t h an a s t e r i s k (*) 
i n Table 7:9. 
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The c o r r e l a t i o n m a t r i x . Table 7:9, r e v e a l s s i x s i t e s which have 
l i t t l e r e l a t i o n s h i p w i t h groundwaters from o t h e r l o c a t i o n s I n the 
v a l l e y . These are Well 7, S p . l l , Sp.12/13, Well 14, Well 15 and the 
Narrator Brook. Such anomalies may be accounted f o r by the f a c t t h a t 
d i f f e r e n t groundwater zones are penetrated by the d i f f e r e n t w e l l s . 
The chemical c h a r a c t e r i s t i c s o f groundwaters I n the N a r r a t o r V a l l e y I s 
a r e s u l t of l a r g e scale m i x i n g between surface w a t e r s . I n t e r f l o w and 
groundwater c o n t r i b u t i o n s and s o l u t e c o n c e n t r a t i o n v a r i e s w i d e l y I n 
space and time. V a r i a t i o n s I n groundwater chemistry between s i t e s on 
the south side of the v a l l e y (Wells 9, 10, 11, 12, 13, 14, 15) bear 
l i t t l e r e l a t i o n s h i p t o each o t h e r I n time, and d i f f e r from those on 
the n o r t h side whose chemical v a r i a t i o n s are i n c l o s e r accordance w i t h 
each other (Wells 1, 2, 3, 6 ) . Well 7 I s n o t i c e a b l e I n t h a t the 
chemical v a r i a t i o n s at t h i s s i t e bear l i t t l e resemblance t o the 
m a j o r i t y of the o t h e r groundwater sources sampled i n the catchment 
( S e c t i o n 7:5:3). 
The l i k e l y arrangement o f I s o l a t e d groundwater bodies on the 
south side of the v a l l e y are I l l u s t r a t e d d l a g r a m m a t l c a l l y i n Figure 
7:17. The suggestion here i s , i n r e l a t i o n p a r t i c u l a r l y t o Wells 13, 
14 and 15, t h a t these w e l l s do not penetrate the main groundwater body 
but i n t e r s e c t I s o l a t e d pockets of groundwater perched above the main 
satu r a t e d zone, on c l a y - l e n s e s . Such an arrangement i s supported by 
the e l e c t r i c a l c o n d u c t i v i t y data i n the N a r r a t o r V a l l e y . On the south 
side of the stream high e l e c t r i c a l c o n d u c t i v i t y values occur a t h i g h e r 
p o t e n t l o m e t r l c surface l o c a t i o n s , a t Wells 13, 14 and 15, and low 
e l e c t r i c a l c o n d u c t i v i t i e s a t mid-slope l o c a t i o n s , a t Wells 9, 10, 11 
and 12. 
On the n o r t h side of the v a l l e y lower e l e c t r i c a l c o n d u c t i v i t y 
values are found a t higher p o t e n t i o m e t r i c surfaces ( W e l l 1 ) ; higher 
e l e c t r i c a l c o n d u c t i v i t y a t lower p o t e n t l o m e t r l c s u r f a c e (Well 2 ) ; w i t h 
another r e g i o n o f h i g h e l e c t r i c a l c o n d u c t i v i t y a t w e l l s 7, 3 and 4. 
I f , a f t e r Back and Hanshaw (1970), low e l e c t r i c a l c o n d u c t i v i t y can be 
a t t r i b u t e d t o h i g h e r recharge, then a r a t h e r d i f f e r e n t recharge regime 
i s apparent f o r the n o r t h and south slopes o f the N a r r a t o r V a l l e y . 
The v a r i a t i o n s observed are a t t r i b u t e d t o d i f f e r e n c e s i n l l t h o l o g y and 
the p e n e t r a t i o n o f d i s t i n c t groundwater bodies i n the weathered 
g r a n i t e p r o f i l e . 
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Table 7:9 Cbrrelation Matrix showing the interrelationships between site geochemistry i n the 
Narrator Valley waters 
Sites 1 2 3 6 1 9 10 11 ^.11 12 Sp.12/13 13 14 15 N.B. 
1 
T.pH. EC. 
Na. 
T.pH. EC. 
a.Na. 
T.pHaEC. 
Na. 
pH. 
* 
pH.EC. 
Na. 
T.pH.EC. 
Na. 
T.pH. EC. 
Na. 
pH.EC 
a . 
T.pH. 
a.Na. 
K. 
T.pH. 
* 
T.pH.EC. 
Na. 
pH.EC 
* 
T.pH. EC. 
Na.K. 
2 T.pH. 
Na.K. 
T.pH.EC. 
* 
T.pH.EC. 
Na. 
T.pH.EC. 
Na. 
T.iAI. 
Si.Na. 
pH.EC 
Sl.Na. 
T.pH.EC. 
Na. 
T.pH 
Na. 
T.Si. 
K. 
T.pH.EC. 
Si. 
T.pH. 
* 
T.pH. 
* 
3 
T.iil.EC. 
Na.K. 
FH.S1. 
* 
T.pH.EC. 
Na. 
T.pHaEC. 
Na. 
T.pH.EC. 
Si.Na. 
K. 
T.pH T.fH.EC. 
Na.K. 
T.pH 
Na. 
T.iil.EC. 
Na.K. 
T.pH. T.pH. EC. 
K. 
T.irfl.EC. 
Na.Ka 
6 
T.pH. 
SI. 
pH.EC. 
Na. 
T.pH.EC. 
Na. 
T.pH.BC. 
Na. 
T.ifl. 
* 
T.pH.EC. 
Na.K. 
T.pH. 
Na.K. 
T.FH.EC. 
a.Na. 
T.pH. 
a . 
T.pH. 
a.Na. 
T.pH. 
* 
7 
T.pHa 
4c 
T.i*I. 
Si.K. 
T.pH. 
Si.K. 
pH.K.Na. 
* 
T.pH. T.pH. 
* 
T.pH. 
* 
T.pH. 
4c 
T.pH. 
4c 
pH. 
4c 
9 
pflaECa 
* 
TaidI.EC. 
Si.Na. 
pH.Na. 
4c 
T.pH. EC. 
Na.K. 
T.pH.EC. T.pHaEC. 
Si. 
T.ffl. 
Na.K. 
T.pH.ECa 
Naa 
T.pH. 
aa 
10 
Tl.pH. 
SLNa. 
pH.Na. 
K. 
T.pH.BC. 
Na.K. 
pH.a. 
Na. 
T. 
Sl.Na. 
T.pH. 
K. 
T.pH.EC. pH.a. 
Na. 
11 
are significant at 0.01 level 
1 1 1 
F^ . 
Si. 
* 
T.pH. 
a . 
T.pH. 
Na. 
T.pH. 
SI. 
T.pHa 
Sia 
T.pH. 
* 
T.pH. 
4c 
Sp.ll * two or less than tvo 
significant correlations 
pHaNa. 
* 
T.Na. a.Si. 
Na. 
pH.EC. 
K. 
pH.Na. T.pH. 
Na. 
12 
UCLV i 
T.pH.a. 
K. 
T.a. 
Si. 
T.iila 
Na. 
T.i*l. T.pH.EC. 
Na. 
Sp.12/13 
Na. 
* * 
T.pH. 
a . 
13 
* pHaEC. 
Na. 
Na. 
* 
14 
I^ aNaa 
* 
T.pH. 
* 
15 
T.f«.Si. 
N.B. 
I 
CO 
I 
FIGURE 7.17 Idealized Cross-Valley Section Illustrating Likely Disposition 
of Perched Groundwater Bodies Within the Weathered 
Granite Matrix in the Narrator Brook Catchment 
Perched Waierlabfes 
on Clay lenses 
Assumed Position 
(3- ^ 
of main Groundwater 
Table in Weathered 
Granite Aquifer c j 
C3 
fractured Surface 
of Underlying 
Granite Bedrock 
7:4:2 The Degree of I n t e r c o r r e l a t l o n o f Solutes i n Groundwaters from 
the Narrator V a l l e y 
The c o r r e l a t i o n m a t r i x shows t h e r e i s a general c o r r e l a t i o n of 
s o l u t e s i n the groundwater i n the N a r r a t o r V a l l e y . This suggests t h a t 
processes r e s p o n s i b l e f o r the groundwater chemistry are a c t i v e 
throughout the weathered g r a n i t e a q u i f e r t o a s i m i l a r degree, and 
imply a common source f o r a l l groundwater i n the weathered g r a n i t e i n 
t h i s p a r t of the catchment. 
7:4:3 Temperature V a r i a t i o n w i t h Depth 
Down the p r o f i l e temperatures were taken a t the end o f each month 
from March 1979 t o October 1979, i n the N a r r a t o r V a l l e y o b s e r v a t i o n 
w e l l s . The maximum temperature range observed down the p r o f i l e i n any 
one of the o b s e r v a t i o n w e l l s d i d not exceed 2°C d u r i n g the temperature 
r e c o r d i n g s , and f o r the most p a r t d i d not vary above 1**C. 
Water temperature v a r i a t i o n w i t h depth g e n e r a l l y r e f l e c t e d the 
annual a i r temperature v a r i a t i o n , w i t h warmer temperatures nearer the 
surface d u r i n g the summer months, and c o l d e r temperatures d u r i n g the 
w i n t e r p e r i o d . This was a n o t i c e a b l e f e a t u r e i n the s h a l l o w Wells 3, 
4, 6 and 11. Well 7 c h a r a c t e r i s t i c a l l y e x h i b i t e d temperatures which 
were markedly d i f f e r e n t from those experienced I n the o t h e r w e l l s 
having c o n s i s t e n t l y c o o l e r waters a t i t s base v a r y i n g beween 7,9*0 -
8.6°C, r e f l e c t i n g deeper and c o o l e r groundwater resources a t t h i s 
s i t e . Other basal w e l l temperatures i n the N a r r a t o r V a l l e y v a r i e d 
from 8.5 - 9.8°C du r i n g the 8 month m o n i t o r i n g p e r i o d . 
Wells 1, 2, 7, 9, 10, 12, and 14 because of t h e i r depths, 
e x h i b i t e d water temperature v a r i a t i o n s down the p r o f i l e which m e r i t e d 
c l o s e r a n a l y s i s . Well 15, because of the depth of i n f i l l i n g (Chapter 
3) d i d not possess a deep enough p r o f i l e i n which temperature 
v a r i a t i o n could be monitored. As a consequence temperature data was 
not accessible from t h i s l o c a t i o n . 
The standard d e v i a t i o n o f temperatures, measured a t a s p e c i f i c 
depth below the w a t e r t a b l e i n each w e l l , i s i l l u s t r a t e d i n Figures 
7:18a-c. These f i g u r e s I l l u s t r a t e the v a r i a b i l i t y i n temperature 
measurements down the w e l l - p r o f i l e s which can be r e l a t e d t o the I n f l o w 
o f groundwater a t each s i t e . With the exception o f Well 9, the 
standard d e v i a t i o n of the water temperature was g r e a t e s t i n the top 
- 383 -
few metres. This i s to be expected since t h i s i s the zone i n the 
w e l l s i n which water l e v e l f l u c t u a t i o n s take p l a c e , and ambient a i r 
temperatures can r a p i d l y modify groundwater temperatures. 
Well 7 and Well 9 show the most marked v a r i a t i o n s o f temperature 
w i t h depth. Figure 7:18b. Well 9 shows the l a r g e s t v a r i a t i o n i n 
temperature towards the base of the w e l l . This i s i n t e r p r e t e d as the 
r e s u l t of the mixing of more than one groundwater feeder source at 
t h i s l o c a t i o n , p o s s i b l y as a by-product o f s p i l l - o v e r from adjacent 
perched groundwater bodies as o u t l i n e d i n Section 7:5. I n a d d i t i o n 
the l a r g e r h y d r a u l i c c o n d u c t i v i t y a t t h i s s i t e (Chapter 6) w i l l 
f a c i l i t a t e more r a p i d groundwater movement. Well 7 shows the most 
v a r i a b l e standard d e v i a t i o n s of temperature w i t h depth down the w e l l 
p r o f i l e , suggesting the mixing o f i n p u t s from v a r i o u s l e v e l s w i t h i n 
the weathered g r a n i t e m a t r i x . 
Well 10, Figure 7:18c, e x h i b i t s standard d e v i a t i o n s o f 
temperature which decrease w i t h depth. Such smaller temperature 
v a r i a t i o n s down the p r o f i l e may be r e l a t e d t o the constancy of the 
groundwater source at t h i s l o c a t i o n , and r e s u l t i n the development o f 
temperature s t r a t i f i c a t i o n . Wells 12 and 14, as p a r t i c u l a r l y Well 7 
i l l u s t r a t e the development of mixing I n the w e l l column r e s u l t i n g i n 
v a r i a t i o n s i n the standard d e v i a t i o n s of water temperature w i t h depth. 
Such a f e a t u r e i s not as s t r o n g l y marked i n Wells 1 and 2 ( F i g u r e 
7:18a), suggesting t h a t groundwater a t these l o c a t i o n s has a deeper 
and more uniform source, as suggested i n Section 7:3:2. The 
combinations of v e r t i c a l and l a t e r a l f l o w , r a p i d and delayed f l o w w i l l 
Impart a c h a r a c t e r i s t i c temperature t o groundwaters c o n t r i b u t i n g t o 
the w e l l s at each l o c a t i o n . An i n f i n i t e number of combinations of 
d i f f e r i n g groundwater sources, producing temporal and s p a t i a l 
v a r i a t i o n s i n groundwater temperatures i n the heterogeneous weathered 
g r a n i t e a q u i f e r , w i l l r e s u l t i n a g r a d u a l temperature s t r a t i f i c a t i o n , 
or temperature zonation i n the p r o f i l e s o f the w e l l s . 
I f r a p i d p e r c o l a t i o n of p r e c i p i t a t i o n water down the w e l l annulus 
i n the v a l l e y occurs i t i s thought t h a t any temperature v a r i a t i o n 
produced i n a given w e l l would i n d i c a t e t h i s . I t might be expected 
t h a t much higher temperatures would be found a t the base of the w e l l 
d u r i n g the summer months due to the r a p i d p e r c o l a t i o n o f warmer 
- 384 
12 
13 
14 H 
15 
16 i 
17 
18 
1 9 
WELL 1 
0 0 5 0-1 0 - 2 a 3 0 - 4 
S T A N D A R D D E V I A T I O N O F T E M P E R A T U R E 
0 - 5 
E 9 
UJ 1 0 
O 
£ 11 
^ 1 ? 
§ ^3 
14 
15-
16 
WELL 2 
0 1 0 2 
—I 
0 - 3 
S T A N D A R D D E V I A T I O N O F T E M P E R A T U R E 
FIGURE 7 :18a RELATIONSHIP BETWEEN DEPTH AND 
TEMPERATURE IN THE WELL PROFILE 
IS5 ' 
FIGURE 7:18b 
7 
8 
lU 
O 
11 
12 J 
g 13 I a 
X 
o 
0-1 
WELL 7 
— I — 
0-2 
— I — 
0 3 
— I — 
0-4 0-5 0-6 0-7 
S T A N D A R D D E V I A T I O N T E M P E R A T U R E 
W E L L 9 
3-1 
4-
5-
6-
o 
S 8 
g 9H 
O 
11 
X 
g 12 
I I 
0-2 1 0 2 0 
S T A N D A R D D E V I A T I O N T E M P E R A T U R E 
3 0 
3^^ -
3 
4 
5 H 
6 
7 
8 -
9-
WELL 10 
1 1 1 1 1 1 1 T 
0-4 0-8 1-0 1'4 1.6 
S T A N D A R D D E V I A T I O N O F T E M P E R A T U R E 
2 -
3 -
4 
5 
6 
7 
8 i 
9 
WELL 12 
0 4 1-4 2 0 
S T A N D A R D D E V I A T I O N O F T E M P E R A T U R E 
111 
6 
7 H 
8 
9 
10 
11 -
12 -
W E L L 14 
T 1 1 
0-4 
S T A N D A R D D E V I A T I O N O F 
o7 ' 0'.6 * 
T E M P E R A T U R E 
0-8 
FIGURE 7 : l 8 c 
p r e c i p i t a t i o n waters downwards, and conversely, much c o l d e r temper-
atures i n the w i n t e r months. 
The temperature v a r i a t i o n s w i t h depth observed i n the N a r r a t o r 
V a l l e y do not present s u f f i c i e n t l y s t r o n g evidence t o c o r r o b o r a t e or 
r e f u t e t h i s o p t i o n , although some o f the observed temperature v a r i a -
t i o n s may be explained i n t h i s manner. On the whole the narrow 
temperature range observed I n the w e l l s over a s h o r t m o n i t o r i n g p e r i o d 
i s not s u f f i c i e n t t o enable estimates t o be made o f the recharge 
source and residence time of groundwater i n the weathered g r a n i t e 
a q u i f e r of the Narrator V a l l e y . 
7:4:4 Summary of S p a t i a l P a t t e r n s 
Considerable s p a t i a l v a r i a t i o n I n the chemistry of the ground-
waters i n the Narrator V a l l e y has been emphasised by the c o r r e l a t i o n 
m a t r i x produced from a c r o s s - c o r r e l a t i o n of element c o n c e n t r a t i o n s 
between w e l l s , springs and r i v e r water. V a r i a t i o n i n groundwater 
chemistry between s i t e s on the south and n o r t h sides of the v a l l e y 
bear l i t t l e r e l a t i o n s h i p t o each o t h e r . Chemical v a r i a t i o n s 
determined i n Well 7 again bear witness t o the anomalous c o n d i t i o n s 
experienced at t h i s s i t e which i s evid e n t from l l t h o l o g i c a l c o n d i t i o n s 
(Chapter 2 ) , temperature v a r i a t i o n s (Chapter 5) and h y d r a u l i c 
p r o p e r t i e s (Chapter 6 ) . 
On the south side of the v a l l e y the l a c k of s i g n i f i c a n t c o r r e -
l a t i o n s between the chemical c h a r a c t e r i s t i c s of the spri n g s and Wells 
13, 14 and 15, support the hypothesis t h a t these w e l l s p e n e t r a t e water 
bearing zones, which are d i f f e r e n t from those of the s p r i n g s . On the 
n o r t h side of the v a l l e y s i g n i f i c a n t c o r r e l a t i o n s between Wells 1 and 
2 i n d i c a t e t h a t these w e l l s p e n e t r a t e a s i m i l a r deeper groundwater 
body. Temperature v a r i a t i o n s down the w e l l p r o f i l e are r e l a t e d t o 
groundwater i n f l o w s a t each l o c a t i o n . Wide v a r i a t i o n s i n temperatures 
p a r t i c u l a r l y on the south s i d e o f the v a l l e y are due t o the mix i n g of 
groundwaters from a number of d i f f e r e n t sources. Temperature s t r a t i -
f i c a t i o n i n the w e l l p r o f i l e i s r e l a t e d t o zones where the groundwater 
has a constant o r i g i n and l e s s groundwater mixing takes p l a c e . 
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7:5 Rate o f Water Movement Towards the Watertable I n the N a r r a t o r 
Brook Catchment 
As c h l o r i d e I s a c o n s e r v a t i v e anion and has a low background 
c o n c e n t r a t i o n i n Igneous rocks, any v a r i a t i o n i n c h l o r i d e content o f 
groundwater i n such rocks I s l i k e l y t o be due t o v a r i a t i o n s i n 
r a i n f a l l content and I t s i n p u t s i n t o the groundwater system. The 
c h l o r i d e i o n does not form s t r o n g complexes w i t h c a t i o n s unless the 
con c e n t r a t i o n s i n s o l u t i o n are h i g h (Hem, 1970). I n f a c t c h l o r i d e has 
a very subdued r o l e i n most h y d r o g e o l o g l c a l systems and as such, was 
chosen f o r use i n the Na r r a t o r Brook Catchment as a form o f n a t u r a l 
t r a c e r . 
7:5:1 The use of Chloride as a t r a c e r 
The mean monthly c h l o r i d e values recorded over the research 
p e r i o d are i l l u s t r a t e d i n Figure 7:4. This f i g u r e i n d i c a t e s t h a t w i t h 
the e x c e p t i o n of Well 7, c h l o r i d e peaks i n p r e c i p i t a t i o n appear i n 
groundwater some 1 to 2 months l a t e r . Using the c h l o r i d e concen-
t r a t i o n s of r a i n f a l l as a n a t u r a l t r a c e r , the r a t e o f movement of 
water from the surface t o the w a t e r t a b l e i n the catchment was 
determined using a simple s t a t i s t i c a l approach. C h l o r i d e concen-
t r a t i o n s i n r a i n f a l l a t a s p e c i f i e d date were c o r r e l a t e d w i t h c h l o r i d e 
c o n c e n t r a t i o n s i n groundwater i n successive time periods a f t e r the 
r a i n f a l l event, u n t i l a s i g n i f i c a n t c o r r e l a t i o n c o e f f i c i e n t was 
achieved a t an i n d i v i d u a l w e l l f o r a p a r t i c u l a r ' l a b e l l e d * r a i n f a l l 
i n p u t . 
For t h i s a n a l y s i s Wells 1, 2, 7, 9, 10, 11, 12, 13, 14, and 15 
were used, and c o r r e l a t e d w i t h the c h l o r i d e c o n c e n t r a t i o n s recorded i n 
p r e c i p i t a t i o n a t the nearest raingauge s i t e s (RF7, RF9, R F U ) . Wells 
3, 4 and 6 were excluded because o f p o s s i b l e contamination by f l o o d 
waters. Analyses were based on the p e r i o d February 1979 - J u l y 1979. 
Chl o r i d e values were s i m i l a r a t a l l these r a i n f a l l s i t e s ( F i g u r e 7:4), 
as were sodium, potassium and e l e c t r i c a l c o n d u c t i v i t y . A tendency f o r 
these components to increase s l i g h t l y w i t h s i t e e l e v a t i o n was 
observed. 
Lag times d e r i v e d from t h i s a n a l y s i s ranged from 5 t o 8 weeks 
(Table 7:10, Figure 7:19). Lag times using sodium and potassium data 
389 
were not c a l c u l a t e d on account of the v a r i e d sources o f these I o n s , 
the e f f e c t s of c a t i o n exchange processes, and the a d s o r p t i o n of 
potassium onto c l a y . 
Table 7:10 Lag Times i n the N a r r a t o r V a l l e y 
Well R a i n f a l l S i t e 
C h l o r i d e 
Weeks C o r r e l a t i o n 
C o e f f i c i e n t 
1 R.F.7 8 0.57* 
2 R.F.7 8 0.89** 
7 R.F.7 8 0.48^^ 
7 S.Fa 7 0.81* 
9 9 5 0.88** 
10 11 7 0.93** 
11 11 8 0.95** 
12 11 6 0.85** 
13 11 7 0.95** 
14 9 6 0.75* 
15 9 5 0.74* 
N.S. Not s i g n i f i c a n t 
* S i g n i f i c a n t a t 0.05 l e v e l 
** S i g n i f i c a n t a t 0.01 l e v e l 
7:5:2 V a r i a t i o n i n Groundwater Lag Times 
Figure 7:19 i l l u s t r a t e s the d i s t r i b u t i o n o f the l a g periods over 
the groundwater network. On the south side of the Narr a t o r Brook 
stream l a g times are from 5 weeks a t hi g h e r slope p o s i t i o n s t o 8 weeks 
a t the slope basea On the n o r t h side o f the v a l l e y l ag time are a l l 
i n the r e g i o n of 8 weeks. This v a r i a t i o n i n l a g times may be 
a t t r i b u t e d t o the s i t e l o c a t i o n . S p a t i a l v a r i a t i o n i n these l a g times 
r e f l e c t the downslope movement of i n f i l t r a t e d water from the main 
recharge areas near the groundwater d i v i d e s , and the v e l o c i t y o f 
groundwater f l o w . Wells i n mid-slope or v a l l e y bottom p o s i t i o n s have 
l a g times i n the order o f 8 weeks I n c o n t r a s t t o those on the upper 
slopes of only 5 weeks. With c o n t i n u i n g r a i n f a l l a s a t u r a t e d area 
progresses back up-slope ( K i r k b y 1978). This s a t u r a t e d area i s e a s i l y 
v i s u a l i s e d I n the form of a s a t u r a t e d * wedge*, which w i l l be of 
l i m i t e d e x t e n t . 
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The development of a s a t u r a t e d 'wedge' i n the N a r r a t o r Brook 
V a l l e y produces a pressure head which increases downgradient and i s a 
c o n t r i b u t i n g f a c t o r i n the r a p i d response of the w a t e r t a b l e i n the 
catchment. This may p a r t l y e x p l a i n the d i s c r e p a n c i e s between the 
water t a b l e response of 1-2 weeks i n periods o f extreme p r e c i p i t a t i o n 
(Chapter 5) and those of c h l o r i d e t r a c e r work g i v i n g l a g periods o f 5-
8 weeks. The s a t u r a t e d 'wedge' may a c t as a plunger d i s p l a c i n g 
'older' water (antecedent r a i n f a l l c o n t r i b u t i o n s ) downgradient towards 
w e l l s a t lower e l e v a t i o n s . F i g u r e 7:20. This displacement movement 
has been termed by Hewlett and H i b b e r t (1967) as t r a n s l a t o r y f l o w and 
i s not n e c e s s a r i l y r e s t r i c t e d t o s a t u r a t e d f l o w c o n d i t i o n s . As a 
consequence of t r a n s l a t o r y f l o w the c h l o r i d e t r a c e r i n the groundwater 
w i l l be noted at an e a r l y stage i n the h i g h e r - e l e v a t i o n w e l l s , and 
much l a t e r a t downslope l o c a t i o n s . By the time a l a b e l l e d c h l o r i d e 
i n p u t i s determined i n lower w e l l s the next l a b e l l e d i n p u t i s being 
recorded a t higher w e l l s i t e s . 
The simple model o u t l i n e d above does not take i n t o account sub-
surface c o n d i t i o n s . I t assumes t h a t a q u i f e r p r o p e r t i e s are I s o t r o p i c 
which i n the N a r r a t o r V a l l e y i s not the case. The occurrence of c l a y 
lenses have been invoked to e x p l a i n s p a t i a l and temporal d i f f e r e n c e s 
i n water chemistry between s i t e s , p a r t i c u l a r l y on the south side of 
the v a l l e y . T e x t u r a l v a r i a t i o n s i n the weathered g r a n i t e a q u i f e r are 
l i k e l y t o vary i n the v e r t i c a l and h o r i z o n t a l planes. This g i v e s r i s e 
to a n i s o t r o p i c c o n d i t i o n s where the v e r t i c a l h y d r a u l i c c o n d u c t i v i t y 
(K^) and the h o r i z o n t a l c o n d u c t i v i t y (K^) vary. 
T e x t u r a l v a r i a t i o n s w i l l produce zones w i t h d i f f e r e n t h y d r a u l i c 
p r o p e r t i e s w i t h i n the weathered g r a n i t e a q u i f e r o f the N a r r a t o r 
V a l l e y . These w i l l e f f e c t the r e l a t i v e v e l o c i t i e s of l a t e r a l and 
v e r t i c a l water movement, and the speed w i t h which a l a b e l l e d c h l o r i d e 
i n p u t reaches a given w e l l . D i s c r e t e l a y e r s o f low p e r m e a b i l i t y 
m a t e r i a l may be v i s u a l i s e d , as a stack o f c l a y lenses. These c l a y 
lenses are o f f - s e t i n the l a t e r a l plane w i t h i n t e r v e n i n g zones o f 
higher p e r m e a b i l i t y m a t e r i a l s between lenses, ( F i g u r e 7:17). Perched 
water-bodies on these c l a y lenses may not c o n t r i b u t e d i r e c t l y t o the 
main groundwater zone, except under very wet c o n d i t i o n s . 
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I n r a i n f a l l periods of long d u r a t i o n r a p i d v e r t i c a l and l a t e r a l 
movement towards the c l a y leases may cause the perched w a t e r t a b l e t o 
r i s e and o v e r s p i l l as the l a t e r a l a r e a l e x t e n t o f the lens I s 
a t t a i n e d . This excess water I s t r a n s f e r r e d t o the oute r edges o f an 
un d e r l y i n g c l a y l e n s , and mixing o f the s o l u t e s I n such waters takes 
place. I f a s a t u r a t e d 'wedge* I s i n the process o f m i g r a t i n g back-
upslope, then a t c e r t a i n e l e v a t i o n some of the c l a y lenses w i l l be 
in c o r p o r a t e d . This f u r t h e r mixing of s o l u t e bearing waters w i l l have 
a marked i n f l u e n c e on the co n c e n t r a t i o n s o f groundwaters a t v a r i o u s 
heights i n the weathered a q u i f e r . 
The s t a t i s t i c a l l y d e r i v e d l a g times t h e r e f o r e r e f l e c t the 
op e r a t i o n of many complex h y d r o g e o l o g i c a l processes w i t h i n the 
weathered g r a n i t e a q u i f e r * A number o f chemical processes o p e r a t i v e 
w i t h i n the r e g o l i t h may also e f f e c t the c a l c u l a t e d l a g times l e a d i n g 
t o an o v e r e s t i m a t i o n or und e r e s t i m a t i o n of the t r u e t r a v e l time o f the 
groundwater. Hem (1970) suggested t h a t because the c h l o r i d e i o n i s 
p h y s i c a l l y l a r g e compared t o many o t h e r major Ions i n groundwater, i t 
could be expected t o be held back i n the I n t e r s t i t i a l , or pore waters 
i n c l a y s , w h i l e the water i t s e l f i s t r a n s m i t t e d . 
Kurtz and Melsted (1973) suggested t h a t n e g a t i v e or p o s i t i v e 
a d s o r p t i o n of the c h l o r i d e i o n may a l s o be encountered t o a l i m i t e d 
e x t e n t . Feth et^ a l . (1964) on work i n g r a n i t i c areas of the S i e r r a 
Nevada, suggested t h a t there i s cons i d e r a b l e evidence t h a t c h l o r i d e i s 
removed from s o l u t i o n i n some places by a d s o r p t i o n on c l a y . I f t h i s 
i s so, then where c o n d i t i o n s o f c l a y content o f s o i l and pH are 
s u i t a b l e f o r anion s o r p t i o n , c h l o r i d e cannot c o n f i d e n t l y be used as a 
geochemlcal t r a c e r (Feth e t a l . 1964). 
F e t h ^ ^ . (1964) suggested t h a t s o r p t i o n o f c h l o r i d e i s o n l y 
e f f e c t i v e i n c l a y s o i l s where the pH i s l e s s than about 6.8. Although 
the pH of the N a r r a t o r brook groundwaters i s l e s s than t h i s , (pH 4.2-
5.9) p a r t i c l e s i z e a n a l y s i s o f s o i l and weathered m a t e r i a l s t o depths 
of 3m i n the catchment. Chapter 2, has shown t h a t c l a y and s i l t 
f r a c t i o n s are l e s s than 2%. Such low values w i l l reduce the 
e f f e c t i v e n e s s of any s o r p t i o n o f c h l o r i d e which could take place i n 
the catchment. 
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The o b s e r v a t i o n s of Feth e t a l , (1964) were based on the 
d e p l e t i o n of c h l o r i d e from snow pack waters t o groundwater 
conce n t r a t i o n s o f c h l o r i d e , which were much lower. I n the case o f the 
Narrator V a l l e y there i s very l i t t l e d i f f e r e n c e between mean c h l o r i d e 
c o n c e n t r a t i o n s i n groundwaters and those i n r a i n f a l l (Table 7:4). The 
c h l o r i d e i o n then, i s c o n s e r v a t i v e , and remains i n the groundwater 
where, once i n s o l u t i o n i t i s not removed. On t h i s basis i t appears 
to be an i d e a l n a t u r a l t r a c e r f o r use i n weathered g r a n i t e t e r r a i n s 
w i t h low c l a y c o n t e n t s . Where groundwater bodies are i s o l a t e d on c l a y 
lenses, and s p i l l - o v e r processes are o p e r a t i o n a l causing groundwater 
mixing and recharge, the c h l o r i d e r e f l e c t s these m i x i n g processes and 
gives the t r a v e l time of the groundwater i n v o l v e d . C h l o r i d e used as a 
t r a c e r would be most e f f e c t i v e i n an ' i d e a l ' i s o t r o p i c a q u i f e r , or i n 
a region where th e r e i s the o p p o r t u n i t y t o sample every c o n t r i b u t i n g 
f l o w p a t h . The n e c e s s i t y o f m o n i t o r i n g every p a r t of the f l o w system 
i s u n r e a l i s t i c i n terms of r e g i o n a l groundwater recharge p o t e n t i a l , 
and emphasises the problems e n t a i l e d I n assessing the groundwater 
resources i n a weathered g r a n i t e a q u i f e r . 
From the methods discussed so f a r I n t h i s chapter i t can be seen 
t h a t g e n e r a l l y groundwater at each l o c a t i o n i n the N a r r a t o r V a l l e y has 
s i m i l a r chemical p r o p e r t i e s , whose c o n c e n t r a t i o n s vary s p a t i a l l y and 
tem p o r a l l y . These s o l u t e c o n c e n t r a t i o n s , p a r t i c u l a r l y the c h l o r i d e 
are dependant upon the h y d r o g e o l o g i c a l c o m p l e x i t y and e l e v a t i o n of the 
s i t e i n the catchment. The groundwater f l o w sampled a t Well 7 proved 
t o be c o n s i s t e n t l y d i f f e r e n t from o t h e r sources and m e r i t s f u r t h e r 
c o n s i d e r a t i o n here. 
7:3:3 Anomalous Groundwater Conditions 
Chloride c o n c e n t r a t i o n s i n groundwater from Well 7 were 
c o n s i s t e n t l y h igher (mean 23.6 mg 1"^) than any o t h e r w e l l or s p r i n g 
s i t e . I n c o n t r a s t to the other s i t e s i n the catchment the c h l o r i d e 
c o n c e n t r a t i o n s c o r r e l a t e d s i g n i f i c a n t l y ( a t 0.05 s i g n i f i c a n c e l e v e l ) 
w i t h c h l o r i d e c o n c e n t r a t i o n s i n stemflow, which suggest t h a t the 
anomalous hydrogeochemlcal character of Well 7 may be r e l a t e d t o 
i n p u t s of water d e r i v e d from stemflow sources. Such stemflow sources 
cannot however be the sole o r i g i n of the c h l o r i d e i n the groundwater 
as the c h l o r i d e l a g time a t Well 7 i s i n the order of 7-8 weeks (Table 
7:17). A d d i t i o n a l l y the response o f the w a t e r t a b l e t o r a i n f a l l events 
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has a delay f a c t o r of up t o a month, and I n t h i s respect i s s i m i l a r t o 
the other w e l l s I n the catchment. Lag times of a l l the w e l l s are from 
1-2 weeks a f t e r i n t e n s e r a i n f a l l events. 
Well 7 I s also anomalous i n terms o f i t s s i l i c a c o n c e n t r a t i o n s , 
Figure 7:5, Tables 7:5 and 7:13, being c o n s i s t e n t l y lower than the 
groundwaters a t the othe r s i t e s . This lends support t o the hypothesis 
t h a t Well 7 receives some component of recharge from waters which have 
a very s h o r t residence time w i t h i n the weathered g r a n i t e * R a i n f a l l 
and stemflow waters c o n t a i n o n l y t r a c e c o n c e n t r a t i o n s o f s i l i c a . A 
r a p i d i n p u t o f these waters a t Well 7 would t h e r e f o r e r e s u l t i n t he 
d i l u t i o n of groundwaters w i t h longer residence times and higher s i l i c a 
c o n c e n t r a t i o n s . I t might be expected t h a t d u r i n g periods o f no, or 
l i t t l e r a i n f a l l , s i l i c a c o n c e n t r a t i o n s i n the groundwaters would 
inc r e a s e , but t h i s has not been observed d u r i n g the research p e r i o d . 
An a d d i t i o n a l e x p l a n a t i o n of the low s i l i c a l e v e l s a t Well 7 may be 
due t o the a b s t r a c t i o n of s i l i c a d u r i n g the f o r m a t i o n o f Ca-
m o n t m o r i l l o n l t e . Jacks (1973) noted t h a t the f o r m a t i o n of Ca-
m o n t m o r i l l o n i t e from k a o l l n i t e i n Swedish g r a n i t e and gneisses, 
r e q u i r e d l a r g e amounts of s i l i c a and r e l a t i v e l y s m a l l amounts of 
calcium. The pre-existence o f hydrothermal k a o l i n i t e a t depth i n the 
catchment I n a l t e r e d g r a n i t e cannot be r u l e d out but i s not a matter 
f o r d i s p u t e here. 
The groundwater temperatures a t Well 7 are lower than the r e s t o f 
the groundwaters sampled w i t h a mean value o f 8.5**C (Table 7:5). The 
temperature range i s from 7.8**C - 9.0**C w i t h t h e h i g h e s t temperatures 
recorded i n the w i n t e r months October-December. With a maximum mean 
a i r temperature i n J u l y of 21.5**C ( F i g u r e 7:1b) the i m p l i c a t i o n I s 
t h a t there e x i s t s a 3 month temperature l a g a t S i t e 7. This would 
suggest a much deeper c o n t r i b u t i n g source a t t h i s l o c a l i t y . I f r a p i d 
stemflow and r a i n f a l l c o n t r i b u t i o n s are r e s p o n s i b l e f o r the anomalous 
ch a r a c t e r of Well 7 then i t would be expected t h a t groundwater 
temperature v a r i a t i o n would r e f l e c t such r a p i d recharge pulses. The 
quick e r the w a t e r t a b l e I s reached the l e s s w i l l be the change i n the 
temperature o f the p e r c o l a t i n g water and the g r e a t e r the h e a t i n g or 
c o o l i n g e f f e c t of t h i s recharge i n p u t on the groundwater a l r e a d y t h e r e 
w i l l be. Such r a p i d v a r i a t i o n has not been observed a t S i t e 7. 
V a r i a t i o n of temperature down the w e l l p r o f i l e ( S e c t i o n 7:4:3) 
however, i l l u s t r a t e s a range i n the standard d e v i a t i o n o f groundwater 
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temperatures over the research p e r i o d which are I n t e r p r e t e d as m i x i n g 
of groundwater sources I n the w e l l column a t t h i s s i t e * 
The anomalous groundwater chemistry a t S i t e 7 may be e x p l a i n e d by 
mixing mechanisms which are i l l u s t r a t e d d l a g r a m m a t l c a l l y I n Figure 
7:21. From the w e l l logs ( I n Appendix 1) I t appears t h a t W e ll 7 
penetrates over 3m of s o l i d g r a n i t e a t I t s base, having p r e v i o u s l y 
passed through the o v e r l y i n g unconsolidated sands, g r i t s and c l a y s * 
I t I s assumed f o r purposes here than t h i s g r a n i t e i s f r a c t u r e d and i s 
continuous w i t h Sheepstor g r a n i t e b e a r i n g contlgous f r a c t u r e s and 
f i s s u r e s . The h y d r a u l i c c o n d u c t i v i t y and t r a n s m l s s i v i t y values 
determined a t t h i s s i t e (Chapter 6) are the highest i n the catchment 
and f r a c t u r e systems may enhance these h y d r a u l i c p r o p e r t i e s . 
P r e c i p i t a t i o n recharge t o the bare g r a n i t e areas o f Sheepstor, 
Figure 7:21, feeds d i r e c t l y i n t o t h i s f r a c t u r e d g r a n i t e l a y e r a t 
depth, c o n t r i b u t i n g waters w i t h h i g h c h l o r i d e and low s i l i c a 
c o n c e n t r a t i o n s . Chloride a d d i t i o n s from f l u i d I n c l u s i o n s b i s e c t e d by 
f r a c t u r e surfaces may a l s o c o n t r i b u t e on a very s m a l l scale t o 
c h l o r i d e l e v e l s i n the groundwaters I n the f i s s u r e d and f r a c t u r e d 
g r a n i t e , and leakage of more concentrated waters from the base of the 
unconsolidated m a t e r i a l above cannot be ignored. I n periods of heavy 
r a i n f a l l a pressure head can be t r a n s m i t t e d through the f r a c t u r e 
system and as a consequence of t h i s , s i m i l a r response times o f the 
w a t e r t a b l e t o i n p u t are apparent a t Well 7 and i n the o t h e r w e l l s i n 
the v a l l e y . Both the c h l o r i d e l a g time and the groundwater 
temperature l a g time determined a t Well 7 supports t h i s hypothesised 
movement of recharge water through the f r a c t u r e d g r a n i t e system a t 
t h i s l o c a t i o n . 
7:6 Geochemlcal i n t e r p r e t a t i o n 
The geochemical i n t e r p r e t a t i o n o f chemical analyses of water from 
igneous areas u s u a l l y I n v o l v e s two main approaches i n the l i t e r a t u r e . 
The f i r s t i n v o l v e s p l o t t i n g the data on s t a b i l i t y diagrams t o 
determine what may be the s t a b l e a l t e r a t i o n p roducts, a method 
u t i l i s e d by many authors f o r example B r i c k e r (1968), Feth e t a l . 
(1964) and Jacks (1973). Residence time of the groundwater i n the 
h y d r o g e o l o g l c a l system can be deduced from t h i s approach (Jacks 1973) 
and the extent t o which minerals and t h e i r a l t e r a t i o n products 
I n f l u e n c e the composition of n a t u r a l waters can be determined ( B r i c k e r 
1968). 
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The second i n t e r p r e t i v e approach i n v o l v e s m o d e l l i n g o f the water 
chemistry by c a l c u l a t i n g r e a c t i o n sequences. This i s done by r e a c t i n g 
primary minerals t o product c l a y m i n e r a l s and s o l u t e s (Cleaves e t a l . 
1970) or by r e c o n s t i t u t i n g the primary m i n e r a l s through combining the 
c l a y m i n e r a l s present w i t h the d i s s o l v e d products observed i n 
groundwater ( C a r r e l s and MacRenzle 1967). A complete a n a l y s i s f o r 
d i s s o l v e d c o n s t i t u e n t s i n the groundwaters o f the N a r r a t o r V a l l e y was 
not undertaken and as the s p e c i f i c chemical nature o f the c l a y s i n 
t h i s p a r t of the catchment are unknown, c a l c u l a t i o n of r e a c t i o n 
sequences was not considered an a p p r o p r i a t e technique. Consequently 
the s t a b i l i t y diagram method was adopted. 
7:6:1 E q u i l i b r i u m Relations 
I f the assumption i s made t h a t s i l i c a t e m inerals are i n 
e q u i l i b r i u m w i t h the waters i n the pores, the i n t e r r e l a t i o n s o f the 
min e r a l s can be shown as f u n c t i o n s o f the a c t i v i t i e s of the ions 
d i s s o l v e d i n the water ( C a r r e l s and C h r i s t 1965). Although 
thermodynamic data f o r s i l i c a t e s are sparse i t i s p o s s i b l e t o develop 
q u a l i t a t i v e s t a b i l i t y diagrams t h a t are u s e f u l t o provide a graphic 
summary of the miner a l sequences t h a t might be expected i f e q u i l i b r i u m 
c o n d i t i o n s were a t t a i n e d . 
By means of an example: the M i c r o c l l n e d i s s o l u t i o n r e a c t i o n o f 
Table 7:1 expressed i n mass-action form becomes 
[K+1 [ S i (0H)u]2 
*^mlcro-ICaol " 
where K . __ - i s the e q u i l i b r i u m constant and the bracketed mlcro-Kaol ^ 
q u a n t i t i e s are a c t i v i t i e s . This e q u a t i o n can be expressed i n 
l o g a r i t h m i c form as 
which i n d i c a t e s t h a t the e q u i l i b r i u m c o n d i t i o n f o r the m l c r o c l l n e -
k a o l i n i t e r e a c t i o n can be expressed i n terms of pH, and a c t i v i t i e s of 
K+ and SKOH)^. The oth e r r e a c t i o n s l i s t e d i n Table 7:1 can a l s o be 
expressed i n t h i s manner i n terms of Na"**, or SKOH)^ and ( o r 
pH), assuming t h a t aluminium i s conserved i n the chemical r e a c t i o n s . 
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These e q u i l i b r i u m r e l a t i o n s are the basis f o r the c o n s t r u c t i o n of 
s t a b i l i t y diagrams. The l i n e s t h a t separate the m i n e r a l phases I n 
such diagrams represent e q u i l i b r i u m r e l a t i o n s such as K^j^^^^ Kaol' 
Since minerals i n r e a l hydrogeologic systems do not have i d e a l 
chemical compositions these s t a b i l i t y l i n e s , based on thermodynamic 
data f o r r e l a t i v e l y pure m i n e r a l phases, probably do not a c c u r a t e l y 
represent f i e l d c o n d i t i o n s . These types o f diagrams have been found 
by many workers (Feth e t ^ a l . 1964, G a r r e l s and MacKenzie 1967, and 
Jacks 1973) t o serve a u s e f u l purpose I n the I n t e r p r e t a t i o n of 
chemical data from h y d r o g e o l o g i c a l systems, and as such have been 
u t i l i s e d f o r the Narra t o r Brook Catchment. 
The s t a b i l i t y diagram used here i s of the type t h a t was 
o r i g i n a l l y developed i n an attempt t o i n v e s t i g a t e s i l i c a t e m i n e r a l 
r e l a t i o n s i n the zone of weathering. I n rocks at shallow depths 
permeated by groundwaters, and i n sediments undergoing shallow 
diagenesis. For these s i t u a t i o n s , diagrams c o n s t r u c t e d at 25*'C and 1 
atmosphere t o t a l pressure, a f t e r G a r r e l s and C h r i s t (1965), are 
ap p r o p r i a t e and have been used f o r the Na r r a t o r V a l l e y data. 
I n very d i l u t e aqueous s o l u t i o n s the m o l a l i t y of c o n c e n t r a t i o n s 
can be used t o determine e q u i l i b r i u m and s o l u b i l i t y ( F e t t e r 1980). As 
g r a n i t i c waters have low c o n c e n t r a t i o n s o f d i s s o l v e d c o n s t i t u e n t s , and 
the values f o r f r e e energy of f o r m a t i o n of the c o n s t i t u e n t s are not 
known w i t h a high degree of c e r t a i n t y , the assumption t h a t the 
a c t i v i t y of any s o l i d i s u n i t y and t h a t the m o l a l i t y o f s o l u b l e 
c o n s t i t u e n t s equals a c t i v i t y seem j u s t i f i e d ( F e t h e t a l . 1964) and 
have been adopted here. 
Figure 7:22 c l e a r l y demonstrates the o v e r a l l s i m i l a r i t i e s i n the 
chemical c h a r a c t e r i s t i c s of groundwater from the w e l l s , s p r i n g s and 
streamwater. The waters from the N a r r a t o r V a l l e y p l o t i n the 
k a o l l n i t e f i e l d of the s t a b i l i t y diagrams which accords w i t h 
observations made by numerous I n v e s t i g a t o r s ( F e t h e t a l . 1964, G a r r e l s 
and MacKenzie 1967, and Tardy 1971) i n groundwaters from igneous 
t e r r a i n s . Water q u a l i t y analyses from i n t e r f l o w , stream and 
springwaters higher upstream i n the N a r r a t o r Brook Catchment, 
( W i l l i a m s e_t a l . 1981) also p l o t i n t h i s f i e l d , a lthough some 
i n t e r f l o w waters tend towards g i b b s i t e e q u i l i b r i u m . 
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According t o Freeze and Cherry (1979) a small percentage o f 
groundwater samples from igneous areas p l o t i n the m o n t m o r i l l o n l t e 
f i e l d s , and h a r d l y any occur i n the g i b b s i t e , mica or f e l d s p a r f i e l d s , 
or exceed the s o l u b i l i t y l i m i t o f amorphous s i l i c a . Those p l o t t e d 
from the N a r r a t o r V a l l e y have d i s s o l v e d s i l i c a contents around the 
s o l u b i l i t y of quartz* The occurrence o f most igneous-derived 
groundwaters i n the k a o l i n i t e s t a b i l i t y f i e l d suggests t h a t a l t e r a t i o n 
of f e l d s p a r s and micas t o k a o l i n i t e i s a widespread process i n 
groundwater systems i n igneous areas. 
For groundwaters to evolve toward e q u i l i b r i u m w i t h respect t o the 
primary s i l i c a t e s such as f e l d s p a r s i t i s necessary f o r the 
c o n c e n t r a t i o n s of SiCOH)^ and c a t i o n s (K*** Na"*") to p r o g r e s s i v e l y 
increase as d i s s o l u t i o n proceeds. I f the r e a c t i o n products i n the 
pore water i n weathered g r a n i t e are c o n t i n u a l l y being f l u s h e d out by 
groundwater movement ap p r e c i a b l y more r a p i d , r e l a t i v e t o chemical 
r e a c t i o n r a t e s , then e q u i l i b r i u m w i t h r e spect t o primary s i l i c a t e 
m inerals w i l l never be a t t a i n e d . I n the weathered g r a n i t e a q u i f e r o f 
the N a r r a t o r Brook I t seems u n l i k e l y t h a t the water chemistry i n 
weathered g r a n i t e a q u i f e r s would evolve t o the Na-feldspar f i e l d 
because long periods of time and s l u g g i s h f l o w c o n d i t i o n s would be 
r e q u i r e d before t h i s e q u i l i b r i u m i s a t t a i n e d . 
Hydrogeochemical i n v e s t i g a t i o n s i n the Archaen g r a n i t e s and 
gneisses of Sweden by Jacks (1973) f u r t h e r suggested t h a t the 
composition o f groundwater from igneous rocks i s governed by m i n e r a l -
water e q u i l i b r i a . As such e q u i l i b r i a are e s t a b l i s h e d s l o w l y i t i s 
p o s s i b l e t o use these as a rough r e l a t i v e d a t i n g technique, 
d i f f e r e n t i a t i n g between more r e c e n t l y i n f i l t r a t e d water and 
s u b s t a n t i a l l y o l d e r water which has time t o e q u i l i b r a t e towards Na-
m o n t m o r i l l o n i t e and f e l d s p a r phases. As can be seen from the water 
f l u c t u a t i o n a n a l y s i s (Chapter 5) and by the c h l o r i d e t r a c e r approach 
i n t h i s chapter, groundwater movement through the weathered a q u i f e r 
can be r a p i d , i n 1-8 weeks, thereby e x c l u d i n g the p o t e n t i a l t o a t t a i n 
Na-feldspar e q u i l i b r i a . 
7:6:2 Reaction Rates and Molecular D i f f u s i o n 
Chemical changes a f f e c t i n g groundwater depend on the r a t e a t 
which a p a r t i c u l a r body of water moves through the va r i o u s porous 
media of the groundwater zone. Because r a t e s o f chemical r e a c t i o n s 
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are slow, the bulk mass of groundwater o f t e n remains undersaturated 
w i t h respect t o minerals t h a t occur i n the porous media. Rates can be 
slow because ions are not e a s i l y r eleased from the c r y s t a l s t r u c t u r e s , 
or the f l u x of water and r e a c t i o n products between the b u l k mass of 
the f l o w i n g water and c r y s t a l surfaces i s slow. Very l i t t l e i s 
s p e c i f i c a l l y known about r a t e s or mechanisms of r e a c t i o n s i n n a t u r a l 
waters (Hem 1970). 
The l e n g t h of time water i s i n c o n t a c t w i t h the rock m a t e r i a l s 
c o n t r o l s the amount of s o l u t i o n s i n two ways: 
1. I f a steady stream of t u r b u l e n t water i s passing over m i n e r a l 
surfaces the water may be moving so r a p i d l y t h a t the elments 
leached out of the rock do not e n t e r i n t o s o l u t i o n r a p i d l y 
enough f o r the water t o reach s a t u r a t i o n , t h e r e f o r e s o l u t e 
c o n c e n t r a t i o n i n the body remains low. 
2. I n small c a p i l l a r y spaces, or i n very slow moving water 
bodies i n the s a t u r a t e d zone, the movement of water may be so 
slow t h a t s o l u t e t r a n s f e r away from the rock-water i n t e r f a c e 
may be impeded. The s o l u t e t r a n s f e r r a t e may be c o n t r o l l e d 
by molecular d i f f u s i o n of the r e a c t i o n products through the 
f l u i d i n the smaller pores i n t o l a r g e r pores, where they are 
t r a n s p o r t e d i n the a c t i v e h y d r a u l l c a l l y c o n t r o l l e d f l o w 
regime* 
I n a groundwater body d i f f e r e n c e s between a c t i v e water c i r c u l a t i o n 
zones, and the d i f f e r e n c e s i n h y d r a u l i c c o n d i t i o n s w i t h i n the porous 
media of each zone, a l l a f f e c t the s o l u t i o n process and t r a n s f e r 
r a t e s , through time. I n h y d r o g e o l o g l c a l l y complex areas l i k e the 
N a r r a t o r Brook Catchment d i f f e r e n c e s i n h y d r a u l i c c o n d i t i o n s i n the 
weathered g r a n i t e a q u i f e r are i n f i n i t e , and the m u l t i p l e e f f e c t s on 
s o l u t i o n and t r a n s f e r r a t e s are immense. 
7:6:3 Groundwater Q u a l i t y 
The p o t a b i l i t y of a water supply i s probably the most i m p o r t a n t 
c r i t e r i o n o f i t s q u a l i t y and g e n e r a l l y r e q u i r e s the most s t r i n g e n t 
q u a l i t y c o n t r o l s . To e s t a b l i s h water q u a l i t y t h e r e must be p h y s i c a l 
and b a c t e r i o l o g i c a l a n a l y s i s as w e l l as chemical a n a l y s i s * Such 
analyses have not been undertaken on the groundwaters of the N a r r a t o r 
V a l l e y , and the chemical a n a l y s i s c a r r i e d out can o n l y be used as a 
p r e l i m i n a r y guide i n d i c a t i n g the s u i t a b i l i t y o f the N a r r a t o r V a l l e y 
groundwaters f o r d r i n k i n g water s u p p l i e s . 
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Cook and Miles (1973) provide a referen c e t a b l e s p e c i f y i n g l i m i t s 
f o r v a r i o u s chemical elements found i n groundwaters. Part o f t h i s 
t a b l e i s u t i l i s e d here i n r e l a t i o n t o the ions analysed i n the 
Narrato r Brook Catchment. 
Table 7:11 D r i n k i n g Water Q u a l i t y Guide 
Element T y p i c a l c o n c e n t r a t i o n 
i n n a t u r a l waters 
(mg l-h 
N a r r a t o r 
V a l l e y 
D r i n k i n g water l i m i t s 
E.E.C. guide l e v e l 
(mg 1-1) 
ci- 10-2000 9-41 25 
Si02 1-30 2.5-11.0 not s p e c i f i e d 
Na+ 10-1000 3-22.0 20 
K+ 0.2-30 0.5-30 10 but maximum 
admissible 
c o n c e n t r a t i o n 12 
As can be seen from Table 7:11 the s o l u t e c o n c e n t r a t i o n s from 
groundwaters and surface water i n the N a r r a t o r Brook Catchment are 
w e l l w i t h i n E.E.C. s p e c i f i e d l i m i t s f o r good potable d r i n k i n g water 
s u p p l i e s . The Narrat o r Brook Catchment i s one o f thr e e catchments 
which c o n t r i b u t e waters t o B u r r a t o r R e s e r v o i r , which provides good-
q u a l i t y d r i n k i n g water t o Plymouth and the surrounding areas. 
7:7 Conclusions 
The methods u t i l i s e d , t o p o r t r a y the nature and p a t t e r n o f 
hydrogeochemical c o n d i t i o n s i n the N a r r a t o r Brook Catchment, have 
provided evidence of considerable s p a t i a l v a r i a t i o n i n the groundwater 
chemistry. V a r i a t i o n s I n groundwater chemistry between s i t e s on the 
south and n o r t h sides of the v a l l e y bear l i t t l e r e l a t i o n s h i p t o each 
o t h e r . This p a t t e r n i s r e l a t e d t o the e l e v a t i o n and h y d r o g e o l o g l c a l 
complexity o f i n d i v i d u a l s i t e s , and t o whether the w e l l s penetrated 
perched groundwater bodies or the main groundwater zone. Large and 
small scale t e x t u r a l v a r i a t i o n s i n the weathered g r a n i t e m a t r i x are 
considered t o produce d i f f e r e n t c o n t r i b u t o r y - f l o w volumes t o the 
w a t e r t a b l e a t a given s i t e dependant upon the r e l a t i v e p e r m e a b i l i t i e s 
of these h o r i z o n s . I n the Narra t o r V a l l e y c o n t r i b u t i o n s t o 
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groundwater i n the v e r t i c a l d i r e c t i o n are thought t o be small and 
hence i n s i g n i f i c a n t compared t o h o r i z o n t a l groundwater movement. An 
exc e p t i o n t o t h i s c o n d i t i o n i s p r o v i d e d by the p o t e n t i a l f o r more 
r a p i d I n f i l t r a t i o n down the annulus o f the o b s e r v a t i o n w e l l s , 
p a r t i c u l a r l y i f these I n t e r c e p t a dominant c o n t r i b u t o r y f l o w p a t h . The 
v a r i a b l e nature of the p h y s i c a l p r o p e r t i e s , and the th i c k n e s s o f the 
v a l l e y i n f i l l , and the l a t e r a l e x t e n t o f c l a y lenses a l l c o n t r i b u t e t o 
anisotrophy i n weathered g r a n i t e a q u i f e r s . 
Recharge t o the a q u i f e r i s c o n t r o l l e d by topographic and 
l l t h o l o g l c a l f e a t u r e s . Movement I s predominantly downslope towards 
the N a r r a t o r Brook. Responses t o recharge events are observed from 
w a t e r t a b l e f l u c t u a t i o n s t o be from 1 t o 4 weeks, w h i l e the c h l o r i d e 
t r a c e r I n v e s t i g a t i o n s suggest l a g times i n the ranges o f 5-8 weeks. 
This d i f f e r e n c e i n l a g times I s a t t r i b u t e d p a r t i a l l y t o an increase i n 
h y d r a u l i c pressure head i n the downslope d i r e c t i o n , thereby i n d u c i n g a 
more r a p i d w a t e r t a b l e response; and t o the a c t i o n of t r a n s l a t o r y f l o w 
f i r s t pushing out 'older* water downgradlent and hence r e t a r d i n g the 
downslope movement of more recent r a i n f a l l w i t h i t s c h a r a c t e r i s t i c 
c h l o r i d e c o ntent. The presence o f c l a y lenses cause the ponding o f 
i s o l a t e d water bodies above the main s a t u r a t e d zone, and the 
subsequent s p i l l - o v e r e f f e c t i n extreme recharge events, w i l l modify 
the c h l o r i d e c o n c e n t r a t i o n i n such mixed waters. The presence o f c l a y 
zones i n the v a l l e y i n f i l l may r e t a r d the passage o f c h l o r i d e i o n s , 
although no attempt was made t o determine the s i g n i f i c a n c e o f t h i s 
e f f e c t i n the catchment. 
The c h l o r i d e i o n i s assumed to have a subdued r o l e i n 
hy d r o g e o l o g i c a l systems, and seems i n the f i r s t Instance an I d e a l 
n a t u r a l t r a c e r f o r determining r a t e s o f recharge i n weathered g r a n i t e 
areas. I n weathered g r a n i t e zones w i t h c l a y lenses, and oth e r 
i s o l a t e d horizons of low p e r m e a b i l i t y w i t h marked a n i s o t r o p h y 
( a s s o c i a t e d w i t h d i f f e r i n g l a r g e and small scale t e x t u r a l v a r i a t i o n s ) , 
recharge I s not p r e d i c t a b l e , and the usefulness of a t r a c e r i s much 
reduced. 
C o n s i d e r a t i o n of chemical e q u i l i b r i a i n groundwaters from the 
Narrat o r V a l l e y c l e a r l y demonstrate the s i m i l a r i t i e s i n the o v e r a l l 
chemical c h a r a c t e r i s t i c s of waters sampled. Groundwaters and surface 
waters from the catchment p l o t i n the k a o l i n i t e s t a b i l i t y f i e l d , which 
i s i n agreement w i t h observations made i n waters from upstream 
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l o c a t i o n s o f the N a r r a t o r Brook Catchment ( W i l l i a m s et^ a l . 1981). 
S i m i l a r f e a t u r e s i n groundwaters from igneous t e r r a i n s i n American 
( F e t h ^ t ^ a l . 196A) and European l o c a l i t i e s (Tardy 1981) suggest t h a t 
the a l t e r a t i o n o f f e l d s p a r s and mica t o k a o l i n i t e i s a widespread 
process i n groundwater systems i n igneous areas. I n the N a r r a t o r 
Brook a q u i f e r , groundwater movement through the system i s r a p i d , and 
as a consequence the p o t e n t i a l f o r such waters t o a t t a i n e q u i l i b r i u m 
i n the Na-feldspar f i e l d s i s r e s t r i c t e d . 
Using the l i m i t e d chemical data a v a i l a b l e from the N a r r a t o r 
V a l l e y , the p o t a b i l i t y o f groundwaters f o r domestic s u p p l i e s was 
assessed. The s o l u t e c o n c e n t r a t i o n s i n groundwaters and surface 
waters w i t h i n the v a l l e y a q u i f e r are w e l l w i t h i n E.E.C. s p e c i f i e d 
l i m i t s f o r d r i n k i n g water, a c o n c l u s i o n which was p r e v i o u s l y assumed 
since the catchment c o n t r i b u t e s t o storage i n B u r r a t o r Reservoir which 
i n t u r n s u p p l i e s good q u a l i t y domestic water t o Plymouth and I t s 
en v i r o n s . 
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Chapter 8 
The P o t e n t i a l of the N a r r a t o r Brook A q u i f e r : Summary and Conclusions 
8:1 I n t r o d u c t i o n 
This chapter attempts t o summarise the main f e a t u r e s determined 
from i n v e s t i g a t i o n s i n the Narra t o r Brook V a l l e y , and t o draw some 
general conclusions concerning the usefulness o f i s o l a t e d weathered 
c r y s t a l l i n e a q u i f e r s , i n m a i n t a i n i n g water s u p p l i e s t o a r e g i o n . An 
o v e r a l l view o f a weathered g r a n i t e a q u i f e r i s presented, as t y p i f i e d 
by c o n d i t i o n s i n the N a r r a t o r Brook Catchment. 
The alms of t h i s i n v e s t i g a t i o n s were o u t l i n e d i n Chapter 1 and 
are s t a t e d here as the basis f o r the ensuing d i s c u s s i o n of the hydro-
geology of the N a r r a t o r V a l l e y a q u i f e r . The alms were as f o l l o w s : 
( 1 ) t o assess groundwater behaviour i n a weathered g r a n i t e 
a q u i f e r by the a n a l y s i s o f w a t e r t a b l e f l u c t u a t i o n s ; 
(11) t o d e l i n e a t e recharge and discharge areas; determine the 
time taken t o t r a n s m i t recharge t o the w a t e r t a b l e ; and 
determine the d i r e c t i o n o f groundwater movement and the 
ext e n t o f h y d r a u l i c c o n t i n u i t y between s u r f a c e and 
subsurface systems; 
( i l l ) t o determine the h y d r o g e o l o g i c a l c h a r a c t e r i s t i c s of decom-
posed m a t e r i a l s i n c l u d i n g the h y d r a i U i c c o n d u c t i v i t y , 
p o r o s i t y , t r a n s m i s s i v i t y and storage values o f weathered 
g r a n i t e m a t e r i a l s ; 
( I v ) t o determine the nature and th i c k n e s s o f the s a t u r a t e d 
horizons and depths t o s o l i d bedrock; 
( v ) t o assess the degree of success w i t h which w a t e r t a b l e obser-
v a t i o n s i n a p o r t i o n o f the a q u i f e r may be used t o p r e d i c t 
groundwater c o n d i t i o n s i n upstream s e c t i o n s o f the v a l l e y 
a q u i f e r . 
The c h a r a c t e r i s t i c f e a t u r e s of the N a r r a t o r Brook a q u i f e r are 
summarised and discussed i n s e c t i o n 8:1, and these f e a t u r e s determine 
w e l l groupings as o u t l i n e d i n s e c t i o n 8:2. The a b i l i t y t o p r e d i c t 
f u t u r e groundwater behaviour i n the v a l l e y i s discussed i n s e c t i o n 
8:3, and the p o t e n t i a l of the Na r r a t o r Brook Catchment as an I s o l a t e d 
weathered g r a n i t e a q u i f e r i s o u t l i n e d i n s e c t i o n 8:4. The general 
form and d i v e r s e h y d r a u l i c p r o p e r t i e s of weathered g r a n i t e a q u i f e r s . 
- 407 
as t y p i f i e d by the N a r r a t o r Brook are presented i n s e c t i o n 8:5. 
Section 8:6 presents proposals and recommendations f o r f u t u r e i n v e s t i -
g a t i o n s concerned w i t h the assessment of weathered g r a n i t e a q u i f e r s , 
based on the f i n d i n g s from the N a r r a t o r Brook i n v e s t i g a t i o n . 
8:1:1 C h a r a c t e r i s t i c Features o f the Narra t o r Brook Weathered G r a n i t e 
A q u i f e r 
Geology, surface and groundwater discharge regimes, w a t e r - l e v e l 
f l u c t u a t i o n s , a q u i f e r p r o p e r t i e s and hydrogeochemlcal aspects o f the 
Na r r a t o r Brook Catchment have been presented f u l l y i n Chapters 1, 2, 
4, 5, 6 and 7. These f e a t u r e s have been discussed almost e x c l u s i v e l y 
i n i s o l a t i o n i n each of the r e l e v a n t chapters, i n an attempt t o d e f i n e 
c l e a r l y t h e i r c h a r a c t e r i s t i c p r o p e r t i e s . I n r e a l i t y groundwater and 
surface water regimes and t h e i r associated p r o p e r t i e s are i n t e r -
r e l a t e d , and need t o be viewed i n t h i s c o n t e x t . Bearing t h i s f a c t o r 
i n mind t h i s s e c t i o n summarises and discusses the c h a r a c t e r i s t i c 
f e a t u r e s of the Na r r a t o r Brook V a l l e y a q u i f e r . 
8:1:2 L i t h o l o g l c a l C o n t r o l s 
Apart from i n v e s t i g a t i o n s c a r r i e d out on B u r r a t o r and Sheepstor 
Dams (Sandeman 1901), very l i t t l e i n f o r m a t i o n p r i o r t o the d r i l l i n g o f 
the o b s e r v a t i o n w e l l s used i n t h i s s t udy, i s a v a i l a b l e on the natu r e 
and depths of incoherent m a t e r i a l s o v e r l y i n g s o l i d g r a n i t e i n the 
Na r r a t o r V a l l e y . Past mining a c t i v i t i e s , discussed i n Chapter 2 have 
y i e l d e d no i n f o r m a t i o n on the depth and s u b - a e r i a l e x t e n t o f the 
weathered g r a n i t e i n the N a r r a t o r V a l l e y . Surface geophysical i n v e s t -
i g a t i o n s using both the hammer seismograph and r e s i s t i v i t y techniques 
were undertaken i n the Na r r a t o r Brook Catchment, i n an attempt t o 
determine d e f i n i t i v e thicknesses of weathered g r a n i t e i n the 
catchment. These gave i n c o n c l u s i v e and spurious r e s u l t s . I n the 
case of the hammer seismograph the thicknesses and v a r i a t i o n i n 
p h y s i c a l p r o p e r t i e s of the unconsolidated m a t e r i a l s i n the v a l l e y 
absorbed or dispersed the shock waves produced by a hammer impact on a 
metal p l a t e , making i n t e r p r e t a t i o n extremely d i f f i c u l t . I t i s 
considered t h a t the use of a shot down an augered hole might be more 
a p p r o p r i a t e , but l i m i t a t i o n s o f the equipment and l a c k of an 
expl o s i v e s l i c e n c e precluded f u r t h e r i n v e s t i g a t i o n s . 
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The results of r e s i s t i v i t y Investigations i n t o depths to s o l i d 
granite i n the Narrator Brook Catchment using the Wenner configuration 
were also inconclusive. Burgess^ (pers. comm. 1978) found the r e s i s -
t i v i t y technique using a Wenner configuration, to be successful i n 
determining the thickness of a l l u v i a l material or strongly weathered 
granite above a g r a n i t i c basement i n the Isles of S c i l l y , t o depths of 
up to 10m. Work i n the S c i l l y I s l e s (Burgess, pers. comm. 1978) 
suggested that penetration depths greater than 10m may be possible i n 
weathered granite t e r r a i n s , providing more powerful equipment and 
longer spreads are used. 
In the case of the Narrator Valley, i t i s evident from obser-
vation well d r i l l i n g that depths of weathered granite materials are i n 
excess of 20m. Depths greater than 30m were recorded at Sheepstor Dam 
by Sandeman (1901), and i n the adjoining Newleycombe Lake Valley some 
10m of weathered granite are exposed i n a g u l l y section (Murgatroyd 
pers. comm. 1978). I t seems l i k e l y that the depth to s o l i d rock w i l l 
produce an uneven base, as suggested by the cross-valley p r o f i l e s at 
other locations on Dartmoor as outlined i n Chapter 2, and on t h i s 
basis an average thickness of weathered granite of 15m was adopted i n 
the case of the Narrator Catchment. A saturated thickness of 12m has 
been assumed i n the catchment area (Chapters 4 and 3) . 
The observation^ boreholes sunk i n the Narrator Catchment 
revealed l i t h o l o g i e s containing large quantities of clay, sandy clay, 
sands and g r i t s , with gravels and cobbles. A l l deposits were of 
varying thicknesses as can be seen from the borehole logs i n Appendix 
1, and l i t t l e c o r r e l a t i o n was evident between s i t e s . This great 
l a t e r a l d i v e r s i t y of materials i s hydrogeologically s i g n i f i c a n t since 
i t results i n retardation and enhancement of recharge, a fa c t o r which 
i s i l l u s t r a t e d by the d i f f e r i n g responses of the watertable to 
ind i v i d u a l p r e c i p i t a t i o n events i n the catchment (Section 8:1:3). 
P a r t i c l e size analysis carried out on samples taken from the 
Narrator Valley show that 24-43% of the materials are gravels, 56-76% 
sand, and less than 2% s i l t and clay. Eden and Green's (1971) 
analysis of i n s i t u growan samples from Dartmoor give a s i l t and clay 
content varying from 13.5-28% with clay being from 2-10.5%. Soil 
materials overlying sedentary growan were found to be composed of 57-
62.5% sand, 26.5-29.5% s i l t and 11-13.5% clay (Eden and Green 1971). 
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The samples taken from the Narrator Valley weathered granite 
aquifer were from depths less than 3m, and as such may not be repre-
sentative of the o v e r a l l aquifer. They do however suggest that there 
i s a larger proportion of coarser materials i n the v a l l e y than 
estimated v i s u a l l y from borehole logs, which has sig n i f i c a n c e i n terms 
of groundwater response times and the v e l o c i t y of groundwater 
movement. 
From the analysis of the w e l l hydrographs i n Chapter 5, l i t h o -
l o g l c a l factors were found to have a s i g n i f i c a n t e f f e c t on the f l u c -
tuation range experienced at each l o c a t i o n . Wells i n clay materials 
(Wells 9, 12, 14 and 15) showed the largest f l u c t u a t i o n ranges, while 
wells i n areas of sands, gravels and fissured granite areas, show 
intermediate ranges (Wells 1, 2 and 7) and the smallest water-level 
f l u c t u a t i o n ranges are experienced i n wells penetrating mixtures of 
gravel and cobbles adjacent to the stream channels (Wells 3, 4, 6 and 
11). 
The water-bearing horizons penetrated i n the Narrator Valley are 
visualised, i n the v e r t i c a l sense, as a stack of clay lenses. These 
clay lenses are thought to be o f f - s e t i n the l a t e r a l plane, with 
intervening zones of higher permeability materials between the lenses. 
This hypothesis i s supported from the d i s t r i b u t i o n of materials i l l u -
strated i n the borehole logs, (Appendix 1). The d i s t r i b u t i o n of these 
clay zones, as determined from groundwater l e v e l analysis. Chapter 5, 
appear to be a feature more c h a r a c t e r i s t i c on the south side of the 
Narrator Valley, although t h e i r occurrence cannot be ruled out on the 
northern slopes. The clay lenses are considered to be everywhere t h i n 
and impersistent and may represent a zone of deposition ( i l l u v l a t l o n 
lenses) of leached materials of f i n e clay and s i l t p a r t i c l e s w i t h i n 
the weathered granite matrix. Geochemical data collected i n the 
Narrator Valley suggest that i n d i v i d u a l well waters, p a r t i c u l a r l y on 
the south side of the v a l l e y , are c h a r a c t e r i s t i c of i s o l a t e d water-
bearing horizons. Variations i n well chemistry are the r e s u l t of the 
time taken f o r the groundwater to move through the weathered matrix, 
and subsequently of the pathway taken. 
In the case of the Narrator Valley aquifer, the borehole logs 
support the i n t e r p r e t a t i o n of the aquifer as a series of clay lenses 
r e s u l t i n g i n perched watertables of d i f f e r i n g elevations. Most of the 
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observation wells I n the Narrator Valley do not appear to be deep 
enough to intersect the main groundwater zone, with the possible 
exception of Wells 1 and 2 on the north side of the v a l l e y . Well 7 i s 
i n an anomalous po s i t i o n , whose features are interpreted as being a 
mixture of fissure-flow waters, rapid recharge of waters i n the 
immediate l o c a l i t y of the well and slow leakage from the base of the 
weathered zone (Chapter 7 ) . 
8:1:3 Hydraulic Properties of Aquifer Materials 
Textural variations i n the near surface s o i l and weathered 
granite r e g o l l t h on h i l l slopes up va l l e y from the groundwater obser-
vation network have been shown to have a s i g n i f i c a n t influence on 
movement of i n t e r f l o w through the weathered granite (Ternan and 
Williams 1979). The movement of water along t e x t u r a l horizons was 
found to vary s p a t i a l l y and temporally (Williams et. al» 1981). Such 
t e x t u r a l variations are l i k e l y to be present i n downstream locations 
i n deeper horizons and give r i s e to varying aquifer properties. 
Table 8:1 i l l u s t r a t e s the mean hydraulic conductivity and mean 
transmissivity values determined at the sites tested i n the Narrator 
Valley. In general the transm i s s i v i t y and hydraulic conductivity 
become lower with increasing a l t i t u d e and increasing clay content i n 
the w e l l p r o f i l e . This i s p a r t i c u l a r l y evident on the south side of 
the va l l e y where Well 14 on the lower slopes of Sheepstor possesses 
the lowest hydraulic conductivity value measured. This w e l l also has 
the greatest thickness of clay i n i t s geological p r o f i l e . 
Higher hydraulic conductivity and transmissivity values were 
expected at Site 1 than were a c t u a l l y measured, p a r t i c u l a r l y since 
sandy materials are present i n the p r o f i l e at t h i s l o c a t i o n . Since 
repeat tests at t h i s location provided consistent r e s u l t s , some of the 
lower clay formations at the base of the well screen, and d r i l l i n g 
e f fects are considered to be responsible for impeding groundwater 
flow. Well 7 aquifer constants are markedly d i f f e r e n t than any of the 
others determined using slug tests i n the Narrator Brook Catchment. 
The anomalous conditions at t h i s s i t e are furth e r shown i n groundwater 
chemistry and temperature v a r i a t i o n s experienced i n t h i s l o c a l i t y , and 
are f u r t h e r discussed i n sections 8:1:7 and 8:1:8. 
The v a r i a t i o n of aquifer constants with topographic l o c a t i o n 
would seem to support the idea that the observation wells i n the 
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Narrator Valley penetrate discrete water-bearing horizons. These 
horizons have d i f f e r i n g l a t e r a l extents w i t h i n the weathered granite« 
and hence varying contributory areas* From table 8:1 Wells, 12, 6 and 
9 have higher hydraulic conductivity and transmissivity values than 
other wells. This Is again related to l i t h o l o g i c a l conditions. At 
Vei l 6 coarse pebbles and cobbles are present, while at Well 12, 
although i t possesses thicknesses of clay around the screen section, 
evidence of underlying gravelly material I s apparent from the borehole 
logs. This w i l l r e s u l t i n higher K values, which has proved to be the 
case (table 8:1). Pumping t e s t s , (Chapter 6 ) , f a i l e d to pump Well 9 
dry i n d i c a t i n g that t h i s well may have one of the larger contributory 
areas above a clay lens, on the south side of the v a l l e y . 
Table 8:1 Aquifer Hydraulic Properties 
Topographic 
Height 
Sites T-Mean 
(m^ d-^) 
K-Mean 
(m d-^) 
248.09 14 0.73 0.12 
242.44 12 6.13 1.01 
239.51 1 1.72 0.24 
237.62 9 8.73 0.77 
228.33 7 210.5 26.43 
220.24 6 3.32 0.89 
Since the Narrator Brook Valley aquifer has proved to be hydro-
geologlcally complex, derived storage, transmissivity and hydraulic 
conductivity values, provide only a te n t a t i v e guide to the water-
bearing and y i e l d i n g properties of the weathered granite materials. 
Slug test data p l o t s , presented I n Chapter 6, were used to derive 
aquifer constants. Information concerning the general conditions i n 
an aquifer may also be inf e r r e d from these t e s t s . 
Response times, derived from the slug test data plots indicated 
unconfined conditions I n the v a l l e y aquifer. The response times 
accorded varied between 44-180 seconds which are very small i n 
comparison to response times of 440-2830 minutes as reported by Black 
(1979) f o r the Carnmenellis g r a n i t e , Cornwall. Observation w e l l 
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response times are so rapid that i n the case of Wells 6, 7 and 14 they 
were not measurable. As well response e f f e c t s are inversely propor-
t i o n a l to the aquifer s t o r a t i v i t y , and are u n l i k e l y i n unconfined 
aquifers (Black and Kipp 1977), then the Narrator Valley aquifer 
exhibits c h a r a c t e r i s t i c features of an unconfined aquifer. 
Anomalous behaviour of part of the aquifer i n the Narrator Valley 
has been observed which Indicates the presence of semi-confined 
conditions i n parts of the v a l l e y . At Site 11, a combination of 
l i t h o l o g i c a l and rapid recharge conditions resulted i n water under 
pressure shooting out of the breather hole at the well head. This 
implies that semi-confined conditions are operational i n t h i s area 
under extreme recharge events* 
8:1:4 Water-Level Fluctuations 
Groundwater contour maps and change i n depth to watertable maps 
are presented i n Chapter 5. Wells i n the observation network i n the 
Narrator Brook Catchment penetrate aquifer horizons at d i f f e r e n t 
depths and locations w i t h i n the v a l l e y , whose i n d i v i d u a l responses do 
not suggest a homogenous aquifer. Such an aquifer would be expected 
to respond i n a si m i l a r manner to hydrometeorologlcal inputs, and 
fluc t u a t i o n s at any point i n such a homogenous body would be expected 
to have s i m i l a r c h a r a c t e r i s t i c s . Both water-level f l u c t u a t i o n s 
(Chapter 5) and variat i o n s i n groundwater chemistry (Chapter 7) 
support the hypothesis of the presence of perched groundwater bodies 
wi t h i n the weathered granite matrix i n the Narrator Valley. 
In the Narrator Valley the well hydrographs respond to seasonal 
variations i n recharge. The main features of contrast between the 
well hydrographs i s i n the magnitude of the d i f f e r e n t responses of the 
water-levels to r a i n f a l l input. D i s t i n c t i v e w e l l groupings were 
defined on the basis of t h i s response. This i s f u r t h e r discussed i n 
section 8:2. 
The change i n water-level maps presented i n Chapter 5, i l l u s t r a t e 
that wells on the higher valley slopes and around the reservoir, 
experience less v a r i a b i l i t y I n water-level than those i n midslope 
positions. I n the neighbourhood of the reservoir input and subsequent 
discharge downstream i s more or less constant as water-levels do not 
vary gre a t l y from 0-lm. Groundwater movement downslope from the 
higher areas of the catchment feeds the discrete flow systems at the 
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middle and base of the slope. The development of a saturated wedge 
upslope during recharge events may be responsible f o r the larger 
variations i n the water-level change maps observed at these midslope 
locations. 
Water movement i n the weathered granite p a r a l l e l to the Narrator 
Brook and Burrator Reservoir, may be i n f e r r e d from the trough i n the 
water-level map (Chapter 5) where changes are i n the order of 5m. The 
spring 12/13, near Site 12 reaches the surface i n t h i s trough area. 
The regions i n the Narrator Valley of greatest water-level change are 
in the l o c a l i t y where observation wells penetrate clay lenses. These 
clay horizons are regarded as the chief Influences determining the 
route and d i r e c t i o n of drainage waters through the weathered granite 
matrix i n the Narrator Valley. The fa c t that groundwater levels do 
not vary gre a t l y on the higher southern slopes of the catchment may be 
at t r i b u t e d to recharge and the more constant discharge conditions i n 
thi s area. Over the rest of the catchment at lower topographic 
elevations, water-level f l u c t u a t i o n s are between 0-3m annually. 
Correlations between water-level f l u c t u a t i o n s i n the Narrator 
Valley and the mean weekly f l u c t u a t i o n of the reservoir l e v e l produced 
s i g n i f i c a n t negative correlations. This r e l a t i o n s h i p i s thought to be 
the r e s u l t of the draining of water i n the weathered granite aquifer 
(and hence the f a l l i n water-levels), and the resultant r i s e i n 
reservoir l e v e l as the saturated granite discharges downstream. This 
down v a l l e y groundwater discharge from weathered granite horizons may 
also be an important feature i n s i m i l a r valleys on Dartmoor as a 
whole, and i s not l i k e l y to be r e s t r i c t e d solely to the Narrator Brook 
Catchment. 
Large-scale and small-scale t e x t u r a l v a r i a t i o n s i n the weathered 
granite matrix are considered to produce d i f f e r e n t contributory flow 
volumes to the watertable at a given s i t e , dependent upon the r e l a t i v e 
permeabilities of these horizons. In the Narrator Valley c o n t r i -
butions to groundwater i n the v e r t i c a l d i r e c t i o n on slope locations 
are thought to be i n s i g n i f i c a n t compared w-th horizontal or l a t e r a l 
groundwater movement. An exception t o t h i s general condition i s 
provided by the p o t e n t i a l f o r more rapid i n f i l t r a t i o n down the annulus 
of the observation wells, p a r t i c u l a r l y i f the w e l l i n t e r -sects a 
dominant but discrete contributory flowpath. No information however 
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i s available on the significance of t h i s process I n the Narrator 
wells. 
8:1:5 Surface and Groundwater Discharges 
I t i s evident from geological considerations and the deter-
mination of aquifer properties i n the Narrator Valley that the hydro-
geological system i s diverse i n nature. This d i v e r s i t y i s f u r t h e r 
i l l u s t r a t e d i n the analysis of streamflow data to determine baseflow, 
groundwater recession and flow duration c h a r a c t e r i s t i c s from both 
Station 11 and Station Cutt (Chapter 4 ) . In an average year (derived 
from data over the period 1978-1980) approximately 73% of the t o t a l 
recorded stream discharge i n the r i v e r channel i s derived from ground-
water reserves. The length of the baseflow recession period, derived 
from four years data, can be greater than 200 days, f u r t h e r suggesting 
a substantial groundwater con t r i b u t i o n from the weathered granite 
aquifer. Flow duration analysis also shows from the low flow indices, 
that baseflow discharge varies l i t t l e I n d i c a t i n g a more or less 
constant source, or sources over any water year i n the Narrator Brook 
Catchment. Baseflow represents 90% of the e f f e c t i v e r a i n f a l l on the 
catchment leaving a residue of some 10% for deep groundwater 
recharge. 
The two sections of the catchment upstream from each of the 
gauging stations exhibited d i f f e r i n g hydrogeological c h a r a c t e r i s t i c s . 
These differences are amply demonstrated both by the groundwater 
recession and storage values l i s t e d i n table 8:2, and by the 
variations i n i n f l u e n t and e f f l u e n t sections along the lower part of 
the r i v e r v a l l e y (Chapter 4 ) . Over most of the groundwater obser-
vation sub-catchment, e f f l u e n t seepage augments streamflow. In the 
lower portions of the Narrator Brook however I n f l u e n t conditions are 
present from Site E, down towards the reservoir. These i n f l u e n t 
conditions may be due p a r t l y to the greater tran s m i s s i v i t y of the 
coarser valley i n f i l l i n t h i s area, p a r t i c u l a r l y i n the v i c i n i t y of 
Well 6, and to the draining of groundwaters from weathered materials 
i n the catchment, towards the lower elevation of the water-level I n 
the reservoir. 
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Table 8:2 Hydrogeological Parameters I l l u s t r a t i n g the Variations 
between Upstream and Downstream Sections of the Narrator Valley 
Component Station Cutt Station 11 
Mean Active 
Storage (St) 
2838x10^ m^  d"^ 1014x10^ m^  d-^ 
Average Groundwater 
Storage per year 
7568x10^ m^  yr"^ 3153x10^ m^  yr-^ 
Flow Duration Curve 
- V a r i a b i l i t y Index 
0.10 - 0.14 0.25 - 0.43 
Groundwater 
Recession 
210 days 190 days 
The v a r i a b i l i t y indices derived f o r the streamflows measured at 
Station Cutt and Station 11, p a r t i c u l a r l y emphasize the 
hydrogeological differences between aquifer materials at these two 
locations. High values, 0.25-0.43 at Station 11^are explained as being 
due to saturated overland flow processes and rapid recharge v i a 
c l i t t e r slopes and mining spoil-heaps. At Station Cutt indices of 
0.1-0.3 are lower, a t t r i b u t a b l e to the larger storage capacity of the 
weathered granite i n the lower stream reaches, which r e s u l t i n a 
greater uniformity of flow. 
The two component groundwater recession curves constructed at 
both Station Cutt and Station 11 again shown d i f f e r i n g 
c h a r a c t e r i s t i c s . Above Station Cutt 11% of active storage i s released 
i n the f i r s t 20 days of the recession, while 18% of available active 
storage i s released i n the f i r s t 20 days of the recession above 
Station 11. This f u r t h e r demonstrates that the storage capacity of 
the weathered granite aquifer i s greater i n the downstream regions and 
responds i n a more uniform manner to recharge and recession than the 
isolated and widely d i s t r i b u t e d zones upstream of Station 11. 
The presence of i n f l u e n t conditions on t h i s lower s t r e t c h of the 
Narrator Brook has some serious repercussions on the r e l i a b i l i t y of 
catchment discharge measurements determined at Station Cutt. As can 
be seen from table 4:S Chapter 4, on average over 30% of the flow 
recorded at Site E i s l o s t to groundwater before lower flows at 
Station Cutt are recorded. This value does not take i n t o account 
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errors of measurement i n stream discharge estimated by the current 
metering technique, or the p o t e n t i a l discharge errors allocated at 
Station Cutt by use of a regression to complete a streamflow data set 
(Chapter 4). However, even with possible discharge measurement 
errors, i t i s apparent that a s i g n i f i c a n t amount of streamflow I s l o s t 
to the weathered granite aquifer at t h i s l o c a t i o n , and as a 
consequence t o t a l catchment discharge as measured at Station Cutt i s 
unrepresentative. 
8:1:6 Occurrence and D i s t r i b u t i o n of Springs 
Springs and seepage points i n a catchment represent important 
discharge areas (Freeze and Cherry 1979). In the Narrator Brook 
Catchment perennial springs tend to be located i n the v a l l e y bottom, 
while i n t e r m i t t e n t and ephemeral issues are more commonly found on 
valley side positions (Ternan and Williams 1979). While t h i s may be 
true i n some parts of the catchment, the generalisation does not apply 
with regards to the groundwater observation sub-catchment as used i n 
t h i s i n v e s t i g a t i o n . 
The two perennial springs monitored i n t h i s study are located on 
the valley side, and ephemeral issues have been observed at both 
higher and lower elevations. Spring 12/13, u t i l i s e s / o l d sub-surface 
mine working thus f a c i l i t a t i n g more rapid flowpath through the 
weathered granite. L i t h o l o g i c a l v a r i a t i o n s w i t h i n weathered granite 
matrix re s u l t i n discrete flows of water at d i f f e r e n t l e v e l s . This i s 
p a r t i c u l a r l y the case i n the neighbourhood of clay lenses which give 
ri s e to perched watertables and i n c e r t a i n periods may contribute to 
spring or seep discharges. Spring 11 and Spring 12/13 may be supplied 
by groundwaters stored on deeper clay layers w i t h i n the weathered 
granite, as both springs lose water immediately to the stream channel 
on emergence. The cooler more constant temperatures recorded from the 
spring waters support a deeper o r i g i n (Chapter 7) f o r these 
groundwaters, than those of most of the wells i n the v a l l e y . 
The j u x t a p o s i t i o n of materials with widely d i f f e r i n g hydraulic 
properties may account f o r the pattern of spring d i s t r i b u t i o n observed 
by Ternan and Williams (1979), who noted that springs appear to emerge 
i n d i s t i n c t areas i n the v a l l e y , interspersed by regions of no or 
l i t t l e spring development. 
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Groundwater i n altered c r y s t a l l i n e rocks tends to be much less 
uniformly d i s t r i b u t e d than those waters i n sedimentary aquifers. The 
chances of artesian water occurring Is subsequently lower but 
conditions of an external character may occur tending to confine 
groundwater i n f i s s u r e and j o i n t systems i n the granite. Dixey (1950) 
envisaged beds of clay overlying fractured and weathered granite 
giving r i s e to spring developments as I l l u s t r a t e d i n figures 8:1a, 
8:1b and 8:1c. With reference to fi g u r e 8;la, when the watertable i s 
high i n the winter months the water which percolates down through 
fractured granite escapes at point A above the rim of r e l a t i v e l y more 
impermeable materials. When the watertable i s low during the d r i e r 
months water can only be reached by a wel l at point B. 
A l t e r n a t i v e l y , with reference to f i g u r e 8:1b water percolates 
downwards and l a t e r a l l y via j o i n t systems i n a granite body u n t i l i t 
Issu es at point A. Water can also be held i n the porous weathered 
granite material overlying the coherent granite and may escape as a 
spring or seepage area at point B caused by the presence of a clay 
lens or other less permeable t e x t u r a l horizons i n the weathered 
granite matrix at t h i s l o c a t i o n . 
Dixey (1950) also considered the p o s s i b i l i t y of veins or 
intrusions i n a c r y s t a l l i n e mass being less susceptible to weathering 
than the granite matrix, and as a consequence g i v i n g r i s e to isolated 
perched watertables which issue as springs at the point of contact 
with harder materials, ( f i g u r e 8:1c). Such a mechanism may account 
for the voluminous water flow observed by Sandeman (1901) during the 
excavation f o r Sheepstor dam» Figure 8:2a i l l u s t r a t e s how a trench 
cut through a weathered granite and a vein system supporting perched 
watertables, may account f o r a v a r i e t y of inflow horizons c o n t r i b u t i n g 
water to the trench. 
Where the s i t u a t i o n as i l l u s t r a t e d i n f i g u r e 8:1a e x i s t s , the 
po t e n t i a l f o r d i f f e r e n t i a l groundwater movement down v a l l e y through 
the varying l i t h o l o g i e s , i s readily apparent. In addition q u a n t i t l t e s 
of water may be transmitted vla^leakage from the r i v e r bed and by 
underflow processes. The varying hydraulic properties of the 
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FIGURE 8:\a Mechanisms for Spring Development in a Granite Area 
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When the water table Is high during a wet period, water escapes to 
the surface at A, above the rim of the impermeable beds. When 
the water table is lower in the dry season, water can only be 
reached by a well through the valley fill at a. 
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F/GURB 8:]b Mechanisms for Spring Development in a Granite Area 
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FIGURE 8'\c Mechanisms for Spring Development in a Granite Area 
A vein or intrusion may impound the water entering 
relatively porous layers and allow It to escape 
at Intermittent springs A.B. C. 
weathered granite i n the Narrator Valley, are demonstrated by the 
variable discharges and locations of the springs. Iron pan horizons 
and clay lenses interspersed with more permeable materials down a 
h i l l s l o p e i n the catchment may give r i s e to ephemeral springs and 
seeps. The d i s p o s i t i o n of such materials and flow paths are 
I l l u s t r a t e d i n figur e 8:2a. In extreme recharge events Spring 1 would 
be the f i r s t issue followed I n time by Springs 2, 3 and 4. Flow at 
Spring 1 would cease soon a f t e r the recharge event, while Spring 4 
w i l l continue to flow f o r a few days u n t i l excess drainage waters 
ceased to reach t h i s l o c a l i t y . This mechanisms could explain the 
ephemeral seeps observed on the south side of the Narrator Valley 
which formed i n extreme recharge conditions experienced during t h i s 
research period. Fracture flow from the granite bedrock may also be a 
source of sprlngflow i n the Narrator Valley. I n the farmyard of 
Deancombe Ruins, there i s an overflowing source (possibly the well 
which provided domestic water to the farm, N.G.R.S.X. 5800 6875) which 
overflows only i n the wetter months of the year. This issue i s I n t e r -
preted as being the re s u l t of a w e l l penetrating a f r a c t u r e - f e d 
groundwater system which overflows during the wet season when recharge 
to the fissured granite above the farm i s high. A large head i s prod-
uced r e s u l t i n g i n semi-artesian flow conditions, f o r a few months 
u n t i l the interconnected fracture systems have drained away to lower 
elevations, ( f i g u r e 8:2b). Such drainage of fissure systems may 
p a r t l y account f o r the two-component nature of the recession curve of 
the Narrator Brook (Chapter 4 ) , although the e f f e c t s of varying 
i n t e r f l o w contributions are important p a r t i c u l a r l y i n the upstream 
locations of the catchment. 
The groundwater temperature data i n r e l a t i o n to depth (Chapter 7) 
shows strongly that the springs monitored are derived from sources 
deeper than most of the wells i n the catchment. Wells 1 and 2 are the 
exception to t h i s rule since they may penetrate the main but deeper 
groundwater zone i n the v a l l e y . Figure 8:2b I l l u s t r a t e s the l i k e l y 
source of groundwaters from Spring 12/13. This spring issues from an 
old mine a d i t whose sub-surface extent i s unknown, but temperature 
data suggests that groundwater i s derived from depths of i n excess of 
17m. The slow drainage of water from fractured and fissured granites 
intercepted by mine workings may account for such water character-
i s t i c s . 
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FIGURE 8:2a ORIGIN OF SPRINGS IN THE NARRATOR VALLEY 
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F IGURE 8:2b ORIGIN O F SPRINGS IN THE NARRATOR VALLEY 
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8:1:7 Geochemlcal P r o p e r t i e s of S u r f a c e and Groundwaters 
Geoc h e m i c a l l y d e r i v e d p a t t e r n s i n d i c a t e the h y d r o g e o l o g i c a l 
c o m p l e x i t y of the weathered g r a n i t e a q u i f e r and o v e r a l l support the 
hy p o t h e s i s e d d i s t r i b u t i o n of perched groundwater b o d i e s , and n a t u r e of 
the groundwater movement. Chemical a n a l y s i s o f groundwaters i n the 
catchment have I l l u s t r a t e d d i f f e r e n c e s s p a t i a l l y and t e m p o r a r i l y , 
p a r t i c u l a r l y between the n o r t h and south s i d e s of the v a l l e y . These 
v a r i a t i o n s a r e a t t r i b u t e d to the e l e v a t i o n and h y d r o g e o l o g i c a l 
c o m p l e x i t y of i n d i v i d u a l s i t e s , and to whether the w e l l s p e n e t r a t e d 
perched groundwater bodies or the main groundwater zone. I n d i v i d u a l 
w e l l - w a t e r s , p a r t i c u l a r l y on the south s i d e of the v a l l e y a r e l i k e l y 
to be c h a r a c t e r i s t i c of i s o l a t e d w a t e r - b e a r i n g h o r i z o n s . 
La r g e and s m a l l s c a l e t e x t u r a l v a r i a t i o n s I n the weathered 
g r a n i t e m a t r i x a r e c o n s i d e r e d to produce d i f f e r e n t c o n t r i b u t o r y flow 
volumes to the w a t e r t a b l e a t a g i v e n s i t e , dependant upon t he 
d i f f e r e n t r e l a t i v e p e r m e a b i l i t i e s of t h e s e h o r i z o n s . M a t e r i a l s of 
d i f f e r i n g h y d r a u l i c p r o p e r t i e s g i v e r i s e to the p r o d u c t i o n of the 
v a r y i n g l a g times observed i n groundwaters t r a n s m i t t e d to v a r i o u s w e l l 
l o c a t i o n s i n the catchment. The c o r r e l a t i o n of c h l o r i d e concen-
t r a t i o n s i n p r e c i p i t a t i o n w i t h those i n groundwaters enabled an 
e s t i m a t e of the time taken f o r groundwater r e c h a r g e . T h i s was found 
to v a r y between 5-8 weeks over the groundwater o b s e r v a t i o n sub-
catchment, (Chapter 7 ) . Responses to rech a r g e e v e n t s were observed 
from w a t e r t a b l e f l u c t u a t i o n s to be from 1-4 weeks. T h i s d i s p a r i t y i n 
l a g times i s a t t r i b u t e d p a r t i a l l y to an i n c r e a s e i n h y d r a u l i c p r e s s u r e 
head i n the downslope d i r e c t i o n , which r e s u l t e d i n a r i s e i n water-
l e v e l s b e f o r e the a c t u a l water i n p u t reached the o b s e r v a t i o n w e l l s . 
I n the N a r r a t o r V a l l e y the a c t i o n of t r a n s l a t o r y flow f i r s t 
pushing out * o l d e r ' water down g r a d i e n t may a l s o account f o r the 
d i s c r e p a n c y i n the l a g times determined by u s i n g c h l o r i d e a s a t r a c e r 
and those e s t i m a t e d by w a t e r - l e v e l r e s p o n s e s . The presence of c l a y 
l e n s e s and the subsequent ponding of I s o l a t e d water bodies above the 
main s a t u r a t e d zone, which s p i l l over i n extreme r e c h a r g e e v e n t s , w i l l 
e f f e c t i v e l y modify the c h l o r i d e c o n c e n t r a t i o n s determined i n the 
weathered g r a n i t e a q u i f e r . I n e f f e c t a mixing w i l l take p l a c e between 
r e c e n t l y recharged and i n f i l t r a t i n g w a t e r s , those waters h e l d on the 
h i g h e r c l a y l e n s e s , and t h a t water h e l d a t lower p o s i t i o n s i n the 
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weathered g r a n i t e m a t r i x . The l a g times c a l c u l a t e d a r e a r e s u l t of 
the pathways taken by the r e c h a r g e w a t e r s . A c o n s i d e r a t i o n of s o i l 
m oisture d a t a c o l l e c t e d I n the N a r r a t o r V a l l e y , I n a s s o c i a t i o n w i t h 
s e a s o n a l v a r i a t i o n s I n w a t e r - l e v e l s and p r e c i p i t a t i o n , s u g g e s t s t h a t 
recharge I s t a k i n g p l a c e to the groundwater system b e f o r e any s o i l 
m oisture d e f i c i t i s r e p l e n i s h e d , ( C h a p t e r 5 ) . The s o i l c o v e r , l i k e 
the u n d e r l y i n g weathered g r a n i t e m a t e r i a l s p o s s e s s e s s p a t i a l 
v a r i a t i o n s i n s o i l m oisture s t a t u s depending on s i t e l l t h o l o g y . 
W a t e r - l e v e l d a t a , c h e m i c a l e v i d e n c e and c a l c u l a t i o n s of t r a n s i t 
time i n the a q u i f e r u s i n g measured h y d r a u l i c p r o p e r t i e s , show t h a t 
water movement i n the weathered g r a n i t e a q u i f e r i s r a p i d . T r a n s i t 
time i s from 1 week to 3 months depending on the l o c a t i o n of a s i t e . 
C o n s i d e r a t i o n s of chem i c a l e q u i l i b r i a i n groundwaters from the 
Nar r a t o r V a l l e y support the n o t i o n of r a p i d groundwater movement 
through the weathered g r a n i t e a q u i f e r . Groundwaters and s u r f a c e 
waters from the catchment p l o t i n the k a o l i n l t e s t a b i l i t y f i e l d , which 
i s i n agreement w i t h o b s e r v a t i o n s made i n wat e r s from upstream 
l o c a t i o n s of the N a r r a t o r Brook Catchment, ( W i l l i a m s e t a l . 1 9 8 1 ) . 
8:1:8 Temperatures of Groundwaters 
Well groups based on the v a r i a t i o n of groundwater temp e r a t u r e s 
over the 18 month monitoring p e r i o d ( C h a p t e r 7 ) correspond markedly 
wi t h the depth of p e n e t r a t i o n of the w a t e r - b e a r i n g zone i n the v a l l e y . 
T h i s f e a t u r e a g a i n i l l u s t r a t e s the v a r i a t i o n i n h y d r o g e o l o g i c a l 
responses i n d i f f e r e n t p a r t s of a weathered g r a n i t e a q u i f e r , and 
demonstrates the u s e f u l n e s s of v a r i a t i o n s i n groundwater temp e r a t u r e s 
as a method of e l u c i d a t i n g depths of groundwater o r i g i n i n a complex 
system. 
The v a r i a t i o n of temperatures recorded down the p r o f i l e i n the 
o b s e r v a t i o n w e l l s supports o t h e r e v i d e n c e c o l l a t e d from the catchment 
concerning the p e n e t r a t i o n of d i f f e r i n g a q u i f e r zones. The 
temperature v a r i a t i o n s w i t h depth i n the w e l l s i s r e l a t e d t o ground-
water flow a t each l o c a t i o n . G r e a t e r mixing t a k e s p l a c e a t W e l l 9, as 
demonstrated by the l a r g e s t s t a n d a r d d e v i a t i o n of temperature w i t h 
depth. T h i s has been I n t e r p r e t e d a s the r e s u l t of a l a r g e r c l a y l e n s 
catchment zone which a c t s as a c o l l e c t o r f o r s p i l l - o v e r e v e n t s from 
o f f s e t c l a y l e n s e s and c l a y l e n s e s l o c a t e d a t h i g h e r e l e v a t i o n s . 
I n f o r m a t i o n from pump t e s t s conducted a t t h i s s i t e (Chapter 6 ) 
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suggested t h a t the c o n t r i b u t o r y a r e a to t h i s v e i l was l a r g e r than 
those a t o t h e r l o c a t i o n s , a5 the w e l l was not pumped d r y . 
V a r i a t i o n s I n temperature w i t h depth down the p r o f i l e a t W e l l s 1 
and 2 suggested t h a t these have a more c o n s t a n t groundwater s o u r c e , a 
f a c t o r which I s s u b s t a n t i a t e d by the more c o n s t a n t c h e m i c a l c h a r a c t e r -
i s t i c s of these w e l l s ( t a b l e 8 : 3 ) . S p r i n g 11 and Sprin g 12/13 
e x h i b i t e d c o n s t a n t temperatures and c o n s t a n t c h e m i c a l c h a r a c t e r i s t i c s , 
a l s o i n d i c a t i v e of deeper s o u r c e s . Well 1, Spring 12/13 and Well 11 
are l o c a t e d i n a r e a s showing v e r y d i f f e r e n t w a t e r - l e v e l v a r i a t i o n s 
(Chapter 5) but m a i n t a i n c o n s t a n t c h e m i c a l c h a r a c t e r i s t i c s over the 
i n v e s t i g a t i o n p e r i o d ( t a b l e 8 : 3 ) . T h i s f u r t h e r i l l u s t r a t e s the wide 
v a r i a t i o n i n the groundwater s o u r c e s p e n e t r a t e d by the d i f f e r e n t 
o b s e r v a t i o n w e l l s . H y d r o g e o l o g i c a l groupings based on groundwater 
c h e m i s t r y a r e summarised and f u r t h e r d i s c u s s e d i n S e c t i o n 8:2. 
Table 8:3 Standard D e v i a t i o n s of Well and Sprin g C o n c e n t r a t i o n s 
Measured i n the N a r r a t o r V a l l e y to I l l u s t r a t e the Chemical 
C h a r a c t e r i s t i c s of Groundwaters from D i f f e r e n t L o c a l i t i e s w i t h i n the 
Catchment. 
Well Temperature 
'C 
E l e c t r i c a l 
C o n d u c t i v i t y 
\iS cm"^ 
PH C h l o r i d e S i l i c a 
mg L"^ 
Sodium Potassium 
1 0.69 1.69 0.21 1.52 0.66 0.94 0.30 
2 0.76 8.11 0.28 2.46 0.68 1.24 1.39 
3 2.98 4.88 0.23 2.50 0.86 1.11 0.38 
4 3.12 49.2 0.44 4.10 1.36 11.0 0.50 
6 2.81 20.55 0.44 2.35 0.70 0.92 0.70 
7 0.82 7.60 0.21 9.73 0.68 1.86 0.45 
10 1.31 3.01 0.25 3.15 0.73 0.88 0.43 
11 2.14 5.38 0.17 1.91 0.45 0.76 0.26 
S p l l 0.54 4.54 0.18 2.52 0.74 0.92 0.60 
12 1.43 3.08 0.22 2.61 0.67 0.78 0.18 
Spl2/13 0.71 3.39 0.21 2.36 0.64 0.64 0.79 
13 1.22 11.63 0.25 3.25 0.60 0.95 0.44 
14 0.93 34.72 0.30 4.40 0.87 12.48 0.55 
15 0.99 14.01 0.23 4.85.. .0.60. 0.80. 1.73 
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8:2 H y d r o g e o l c ^ c a l P r o v i n c e s I n the N a r r a t o r V a l l e y 
L l t h o l o g l c a l evidence (Chapter 2) along vd.th the v a r y i n g 
responses of groundwater l e v e l s ( C h a p t e r 3) and a s s o c i a t e d h y d r a u l i c 
parameters (Chapter 6 ) , I l l u s t r a t e the h y d r o g e o l o g l c a l c o m p l e x i t y of 
the weathered g r a n i t e a q u i f e r I n the N a r r a t o r V a l l e y . A n a l y s i s of 
groundwater geochemistry (Chapter 7 ) support a complex r e c h a r g e and 
d i s c h a r g e system, w i t h groundwater f l o w t a k i n g p l a c e predominantly i n 
the l a t e r a l plane w i t h some v e r t i c a l movement towards the w a t e r t a b l e . 
From the v a r i e t y of t e c h n i q u e s u t i l i s e d i n t h i s study to a s s e s s 
the p o t e n t i a l of the weathered g r a n i t e a q u i f e r i n the N a r r a t o r Brook 
Catchment c e r t a i n groupings of the o b s e r v a t i o n w e l l s a r e apparent. 
Such groupings a r e presented i n t a b l e 8:4. The d i v i s i o n of w e l l s i n 
the catchment i n t o d i s t i n c t groups was based on the f o l l o w i n g 
c r i t e r i a : -
1. L i t h o l o g i c a l and f a b r i c s i m i l a r i t i e s ( C h a p t e r 2) 
2. V i s u a l assessment of w e l l hydrographs (Chapter 5 ) 
3. Annual range of w a t e r l e v e l s ( C h a p t e r 5) 
4. S i m i l a r responses i n d i c a t e d by the w a t e r - l e v e l change map 
(Chapter 5) 
5. Standard d e v i a t i o n of w a t e r - l e v e l f l u c t u a t i o n s and the 
a n a l y s i s of v a r i a n c e of such movements (Chapter 5 ) 
6. Well groups based on the Stepwise R e g r e s s i o n A n a l y s i s 
(Chapter 5) 
7. V a r i a t i o n s i n the h y d r a u l i c p r o p e r t i e s of the weathered 
g r a n i t i c m a t e r i a l s i n the N a r r a t o r V a l l e y ( C hapter 6 ) 
8. V a r i a t i o n s I n groundwater temperatures ( C h a p t e r 7) 
9. Geoc h e m l c a l l y d e r i v e d p a t t e r n s of s o l u t e s i n the 
groundwaters and the v i s u a l assessment of monthly v a r i a t i o n 
p l o t s ( C hapter 7) 
10. V a r i a t i o n of temperature down the p r o f i l e i n the deeper 
w e l l s ( C hapter 7) 
The magnitude of groundwater l e v e l r e s p o n s e s can i n the f i r s t 
i n s t a n c e be r e l a t e d to l i t h o l o g i c a l c o n t r o l s and subsequent h y d r a u l i c 
p r o p e r t i e s of the s a t u r a t e d zones. The geochemical d a t a p r o v i d e s 
a d d i t i o n a l i n f o r m a t i o n r e g a r d i n g s p a t i a l v a r i a t i o n s i n groundwaters i n 
the catchment, and i n d i c a t e s the r e l a t i v e speed of water movement i n 
weathered m a t e r i a l s . The development of temperature s t r a t i f i c a t i o n 
down the w e l l p r o f i l e s and the v a r i a t i o n i n groundwater temperatures 
h i g h l i g h t s the range of c o n t r i b u t i n g groundwater flow p a t h s , and the 
o v e r a l l l a t e r a l v a r i a t i o n between o b s e r v a t i o n w e l l s , 
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T a b l e 8:4 Summary of H y d r o g e o l o g i c a l Groupings of W e l l s i n the 
N a r r a t o r Brook Catchment 
C r i t e r i a 
No 
Grouping 
Procedure 
W e l l Groups Chapter i n which 
Grouping i s d e s c r i b e d 
1 L i t h o l o g y 3,4,6 
1.2 
7 
9,10,11,12,13,14,15 
Two 
2 V i s u a l 
Assessment of 
Well Hydrographs 
3,4,6,11 
1,2,7,10,12,13 
9.1A,,15 
F i v e 
3 Annual Range 3,4,6,10,11,13 
1,7,2 
9,12,14,15 
F i v e 
4 Water l e v e l 
Change Map 
3.4,6,11 
9,14,15 
1,2,7,10,12,13 
F i v e 
5 Standard 
D e v i a t i o n s of 
W a t e r - l e v e l s 
1,2,7,10,12,13 
9,14,15 
3,4,6,11 
F i v e 
6 Stepwise 
R e g r e s s i o n 
Procedure 
1,10,13,14,15 
2,7,6, 
3,4,9,11,12 
F i v e 
7 H y d r a u l i c 
P r o p e r t i e s 
6,9,12 
7, 
1,14 
S i x 
8 Temperature 
V a r i a t i o n s 
1.2 
7,9,14,15 
10,12,13 
6,11 
3,4 
Seven 
9 Geochemical 
V a r i a t i o n s 
3,4,6,11 
1.2 
7 
10,12,13 
9,14,15 
Seven 
10 Down the P r o f i l e 
Temperatures 
9 
10 
7 
1.2 
12,14 
Seven 
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I t i s e v i d e n t from t a b l e 8:4 t h a t some w e l l s a r e common to a l l or 
most of the o t h e r groups determined from the t e n grouping p r o c e d u r e s . 
Such w e l l s which f r e q u e n t l y appear t o g e t h e r a r e as f o l l o w s : -
W e lls 1 and 2 
We l l s 3, 4, 6 and U 
We l l s 9, 14 and 15 
We l l s 10, 12 and 13 
Well 7 
A n o t i c e a b l e f e a t u r e of these groups of w e l l s i s t h e i r a s s o c i a t i o n by 
mean depth to the w a t e r t a b l e , w e l l depth and to a l e s s e r e x t e n t 
e l e v a t i o n as summarised i n t a b l e 8:5. For the most p a r t w e l l s w i t h i n 
these groups tend to be i n c l o s e p r o x i m i t y . 
Table 8:5 Well Depth, Mean Depth to the Wate r t a b l e and W e l l 
E l e v a t i o n s 
W e lls Mean Depth W e l l Depth E l e v a t i o n 
to W atertable (m) (m) 
(m) 
1 11.75 19.2 239.5 
2 6.12 18.8 230.3 
3 0.19 2.29 223.1 
4 0.22 1.30 223.1 
6 0.55 5.63 220.2 
11 0.57 4.80 230.9 
9 2.62 14.7 237.6 
14 2.34 12.8 248.1 
15 3.60 14.5 240.9 
10 2.90 9.7 234.6 
12 2.34 9.4 242.4 
13 3.03 10.3 248.1 
7 5.27 13.5 . 228.3 
Wells 1 and 2 have s i m i l a r f e a t u r e s which r e s u l t i n them be i n g 
grouped t o g e t h e r by most of the w e l l grouping procedures adopted. As 
d i s c u s s e d i n Chapter 7, these a r e l i k e l y to be the o n l y two w e l l s i n 
430 
the groundwater o b s e r v a t i o n sub-catchment which p e n e t r a t e a deeper 
s a t u r a t e d zone. The l a c k of marked temperature v a r i a t i o n down the 
w e l l p r o f i l e and the c o n s t a n t geochemical c h a r a c t e r i s t i c s r e c o r d e d 
over the r e s e a r c h p e r i o d (Chapter 7) support t h i s h y p o t h e s i s . 
W e l l s 3, 4, 6 and 11 a r e s i m i l a r i n t h e i r r e s p o n s e s due mainly to 
t h e i r s h a l l o w depths and t h e i r n e a r n e s s to the r i v e r c h a n n e l , 
r e s e r v o i r o r s p r i n g . By v i r t u e of t h e i r s h a l l o w depths t h e s e w e l l s 
are not l i k e l y to p e n e t r a t e the main groundwater zone, but i n t e r s e c t 
l o c a l l y developed w a t e r t a b l e s . 
W e l l s 9, 14 and 15 p e n e t r a t e w a t e r - b e a r i n g c l a y l e n s e s which a r e 
ad j a c e n t to each o t h e r , and t h i s t o g e t h e r w i t h l i t h o l o g i c a l c o n t r o l s 
may account f o r the o v e r a l l s i m i l a r i t i e s , p a r t i c u l a r l y i n t h e i r geo-
chemlcal c h a r a c t e r i s t i c s . From pump t e s t d a t a Well 9 appears to 
pe n e t r a t e a l a r g e r groundwater c o n t r i b u t o r y a r e a than any of the o t h e r 
perched groundwater b o d i e s , and the l a r g e s c a l e temperature v a r i a t i o n s 
down the w e l l p r o f i l e supports v a r i a b l e r e c h a r g e p r o c e s s e s i n t h i s 
l o c a l i t y (Chapter 7 ) . The neighbouring c l a y l e n s e s of W e l l s 10, 12 
and 13 may account f o r the g r o s s s i m i l a r i t i e s i n t h e i r w e l l 
r e s p onses. From temperature v a r i a t i o n s down the w e l l p r o f i l e Well 10 
shows s m a l l e r s t a n d a r d d e v i a t i o n s than W e l l 12, s u g g e s t i n g t h a t 
groundwater flow a t S i t e 10 may be of a more s t a b l e nature than t h a t 
a t Well 12. Because of damage to the c a s i n g a t Well 13, i t i s 
d i f f i c u l t to d e l i n e a t e f a c t o r s r e s p o n s i b l e f o r w a t e r t a b l e r e s p o n s e s . 
Well 7 has c o n s i s t e n t l y produced r e s p o n s e s which d i f f e r from any 
of the o t h e r w e l l s i n the catchment. W e l l 7 i n p a r t i c u l a r p o s s e s s e s 
the h i g h e s t h y d r a u l i c c o n d u c t i v i t y and t r a n s m i s s i v i t y measured 
(Chapter 6 ) . I n d i c a t i o n s from borehole l o g s (Appendix 1) s u g g e s t s 
t h a t the base of t h i s borehole p e n e t r a t e d a more coherent g r a n i t e 
m a t e r i a l , and as a consequence groundwaters I n t e r s e c t e d show d i f f e r e n t 
c h a r a c t e r i s t i c s to those a t o t h e r l o c a l i t i e s . Such d i f f e r e n t 
geochemical f e a t u r e s may be the product of mixing of t h r e e s o u r c e s of 
groundwater a t t h i s s i t e ; r echarge through f r a c t u r e d and f i s s u r e d 
g r a n i t e ; r a p i d i n f i l t r a t i o n of r a i n w a t e r s down the w e l l annulus and 
c o n t r i b u t i o n s from a leakage component from the base of the weathered 
g r a n i t e m a t e r i a l s . The wide v a r i a t i o n i n s t a n d a r d d e v i a t i o n s of water 
temperatures down the w e l l p r o f i l e support the mixing of groundwaters 
from d i f f e r e n t s o u r c e s at t h i s l o c a t i o n . 
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The a n a l y s i s of groundwater l e v e l s by a Stepwise R e g r e s s i o n 
Procedure i n the N a r r a t o r V a l l e y produced t h r e e d i s t i n c t hydro-
g e o l o g i c a l groupings, which may be r e l a t e d to recha r g e and d i s c h a r g e 
zones i n the catchment. P r o v i n c e I r e p r e s e n t s the r e c h a r g e p r o v i n c e 
( f i g u r e 8:3) and i s c h a r a c t e r i s e d by W e l l s 1, 10, 13 14 and 15 which 
are a t h i g h e r topographic l o c a t i o n s w i t h i n the catchment. P r o v i n c e IX 
i s a d i s c h a r g e p r o v i n c e c h a r a c t e r i s e d by W e l l s 3, 4, 9, 11 and 12 and 
for the most p a r t of a t lower topographic e l e v a t i o n s w i t h i n the 
catchment. P r o v i n c e I I I r e p r e s e n t s w e l l s having c h a r a c t e r i s t i c s which 
for the time d u r a t i o n a n a l y s e d cannot be r e a d i l y d e l i n e a t e d as 
recharge or d i s c h a r g e zones. 
I n the c a s e of Well 7, the anomalous response i s a t t r i b u t e d to 
the f a c t t h a t i t p e n e t r a t e s more c o h e r e n t , p o s s i b l y a f i s s u r e d and 
f r a c t u r e g r a n i t e base u n d e r l y i n g weathered m a t e r i a l s i n the v a l l e y . 
Well 6 p e n e t r a t e s some of the c o a r s e s t m a t e r i a l s recorded i n the 
a q u i f e r ( C h a p t e r 2) being predominantly c o b b l e s and p e b b l e s . W e l l 2 
i n g e n e r a l does not show any marked anomalies i n i t s r e s p o n s e s , i t 
does however p e n e t r a t e the l a r g e s t t h i c k n e s s e s of g r a v e l s (7-8 m) 
recorded i n the catchment, which may account f o r i t s grouping i n t o 
P r o v i n c e I I I . 
I t i s e v i d e n t from t a b l e 8:4 t h a t t h e s e t h r e e p r o v i n c e s compound 
f e a t u r e s d e t e r m i n i n g w e l l groupings by the o t h e r methods, and on the 
whole i t i s probably unreasonable, i n h y d r o g e o l o g i c a l complex a r e a s , 
to a s s i g n w e l l s to r i g i d groupings. The f a c t t h a t ten grouping 
methods produce s i m i l a r d i v i s i o n s s u g g e s t s t h a t t h e r e a r e s t r o n g 
c o n t r o l s e x e r t e d by topography, e l e v a t i o n , w e l l depth and l l t h o l o g y , 
on the v a r i a t i o n s e x p e r i e n c e d i n the groundwater l e v e l s I n the 
weathered g r a n i t e a q u i f e r . 
The i d e n t i f i c a t i o n of h y d r o g e o l o g i c a l p r o v i n c e s , t y p i f i e d by 
w e l l s e x h i b i t i n g a s i m i l a r type of response t o catchment a n t e c e d e n t 
c o n d i t i o n s , a r e not l i k e l y to be s t a b l e f e a t u r e s i n a heterogenous 
a q u i f e r . Antecedent catchment c o n d i t i o n s w i l l e x h i b i t s e a s o n a l 
v a r i a t i o n s ( p a r t i c u l a r l y w i t h r e s p e c t to r a i n f a l l , e v a p o t r a n s p l r a t i o n 
and s o i l m o i s t u r e ) and a s such s e a s o n a l c o n t r a s t s a r e to be expected 
i n the c h o i c e of w e l l s and h y d r o g e o l o g i c a l p r o v i n c e s . I t i s 
a n t i c i p a t e d t h a t i n v e r y wet p e r i o d s a r e c h a r g e p r o v i n c e w i l l c o n s i s t 
of Wells 1, 2, 9, 13, 14, 15, a d i s c h a r g e p r o v i n c e of W e l l s 3, 4, 6, 
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FIGURE 8:3 HYDROGEOLOGICAL PROVINCES 
IN THE NARRATOR BROOK 
CATCHMENT 
10, 11, 12, w h i l e Well 7 w i l l e x h i b i t c h a r a c t e r i s t i c a l l y d i f f e r e n t 
responses and w i l l hence form the t h i r d p r o v i n c e . 
8:3 P r e d i c t i o n of Groundwater Behaviour i n the N a r r a t o r Brook 
Catchment 
Data presented i n Chapter 4 suggest t h a t h y d r o g e o l o g i c a l 
v a r i a t i o n s a r e apparent w i t h i n the s m a l l sub-catchment used f o r 
groundwater l e v e l o b s e r v a t i o n s u t i l i s e d i n t h i s s t u d y . I t was 
a n t i c i p a t e d t h a t groundwater c o n d i t i o n s a t the downstream end of the 
catchment may be u s e f u l l y p r o j e c t e d to upstream l o c a t i o n s , to provide 
a groundwater contour map f o r the whole catchment. S e v e r a l f e a t u r e s 
have emerged from t h i s study to suggest t h a t t h i s would not be 
a p p r o p r i a t e . F i r s t l y , because of the e x i s t e n c e of a v a r i e t y of 
I s o l a t e d groundwater bodies i n the N a r r a t o r V a l l e y , the observed 
w a t e r t a b l e f l u c t u a t i o n s do not r e c o r d the o v e r a l l p o t e n t l o m e t r i c 
s u r f a c e i n the catchment, but merely r e c o r d the h y d r a u l i c head 
c o n d i t i o n s of each i s o l a t e d zone. 
As a consequence of t h e s e c o n d i t i o n s e s t i m a t i o n s of h y d r a u l i c 
g r a d i e n t s and the d i r e c t i o n s of p o t e n t i a l groundwater f l o w may be 
m i s l e a d i n g . Due to the v a r i a t i o n i n depths to w a t e r - b e a r i n g h o r i z o n s 
i n the v a l l e y a q u i f e r , e x t r a p o l a t i o n of groundwater c o n t o u r s 
c o n s t r u c t e d i s not recommended f o r the upstream end of the catchment. 
I n upstream l o c a t i o n s of the N a r r a t o r Brook Catchment the combination 
of the f o l l o w i n g a d d i t i o n a l f a c t o r s w i l l I n f l u e n c e the p o s i t i o n s of 
p o t e n t i a l groundwater s u r f a c e s : 
( i ) the p o r o s i t y of weathered m a t e r i a l s and s p o i l heaps would be 
g r e a t e r , w i t h l e s s c l a y d e p o s i t s l i k e l y ; 
( 1 1 ) i n f i l t r a t i o n would be more r a p i d through the g e n e r a l l y 
t h i n n e r r e g o l i t h , and through the c l i t t e r s l o p e s and s p o i l 
heaps; 
( i l l ) s u b - s u r f a c e p i p i n g beneath g r a n i t e b l o c k s would t r a n s m i t 
water d o w n h i l l much more r a p i d l y towards the s t r e a m enhancing 
any ' f l a s h y ' c h a r a c t e r i s t i c s of the streamflow; 
( i v ) i n some p o r t i o n s of the h i g h e r catchment, r u n o f f w i l l be 
g r e a t e r due t o bare g r a n i t e t o r s u r f a c e s , p o s s i b l y g i v i n g 
r i s e to g r e a t e r r e c h a r g e v i a f i s s u r e s to s p r i n g s , and as a 
consequence the s p r i n g d i s t r i b u t i o n v a r i e s ; 
434 -
( v ) the e f f e c t of the i r o n p a n and the o c c u r r e n c e of s o i l water-
t a b l e s i s more widespread i n the upstream r e a c h e s of the 
catchment; 
( v i ) a g r e a t e r p r o p o r t i o n of o l d s u b - s u r f a c e a d i t s a r e p r e s e n t 
f u r t h e r upstream which may supplement r a p i d groundwater 
d i s c h a r g e . 
From t h i s d i s c u s s i o n i t i s e v i d e n t t h a t groundwater p r e d i c t i o n s i n the 
highe r catchment a r e a s can o n l y be c o n j e c t u r a l . 
8:3:1 A q u i f e r Response Times 
The most u s e f u l parameter f o r d e s c r i b i n g the groundwater movement 
i n the weathered g r a n i t e a q u i f e r of the N a r r a t o r V a l l e y , was t h a t of 
measured c h l o r i d e v a r i a t i o n s i n groundwater and p r e c i p i t a t i o n . As a 
r e s u l t of c o r r e l a t i n g t h e s e two measurements i n the catchment, l a g 
times, or the time taken f o r water to move from r e c h a r g e a r e a to 
i n d i v i d u a l w e l l s , was e s t i m a t e d a s being i n the range of 5-8 weeks 
over the v a l l e y . 
The more r a p i d r e c h a r g e response of the w a t e r - l e v e l s c a n be 
r e l a t e d to the development of a p r e s s u r e head which i s t r a n s m i t t e d 
down v a l l e y . S i m i l a r f e a t u r e s have been observed a t K e r n i c k Dam, 
St . A u s t e l l , Cornwall which has been b u i l t to s t o r e c h i n a c l a y 
r e s i d u e s . During f l o o d t e s t s water escaped through the j o i n t e d 
g r a n i t e v a l l e y base beneath mica r e s i d u e s and I n t o the a d j o i n i n g 
v a l l e y g i v i n g a r t e s i a n back p r e s s u r e s i n the v a l l e y g r a v e l s ( B r i s t o w , 
p e r s . comm. 1980). A l a g time of 3 days o c c u r r e d a f t e r the dam f l o o d 
t e s t s b e f o r e the a r t e s i a n p r e s s u r e s were recorded I n the a d j o i n i n g 
v a l l e y , but T r i t i u m d a t i n g on the water gave a 20 day l a g time befor e 
f l o o d i n g waters were recorded a t sampling s i t e s i n the a d j o i n i n g 
v a l l e y . 
I n the N a r r a t o r V a l l e y t h e a c t i o n of t r a n s l a t o r y flow f i r s t 
pushing out an o l d e r ' s l u g ' of water down g r a d i e n t may a l s o account 
f o r the d i s c r e p a n c y i n l a g times observed by c h l o r i d e t r a c i n g 
methods. The c h l o r i d e i o n i s assumed to have a subdued r o l e i n hydro-
g e o l o g i c a l systems, and seems i n i t i a l l y to be an i d e a l n a t u r a l t r a c e r 
f o r determining r a t e s of recha r g e i n weathered g r a n i t e s . However 
marked a n i s o t r o p h y i n the weathered g r a n i t e m a t r i x r e s u l t i n 
u n p r e d i c t a b l e r e c h a r g e r a t e s and the u s e f u l n e s s of the c h l o r i d e t r a c e r 
may be much reduced, p a r t i c u l a r l y s i n c e c l a y s may r e t a r d the passage 
- 435 
of c h l o r i d e i o n s through them. I n the ca s e of the N a r r a t o r Brook 
Catchment t h e r e i s l i t t l e d i f f e r e n c e i n mean c h l o r i d e c o n c e n t r a t i o n s 
i n groundwaters and those i n r a i n f a l l , and on t h i s b a s i s t h e c h l o r i d e 
io n i s c o n s e r v a t i v e , and remains i n the groundwater where once i n 
s o l u t i o n i t i s not removed. 
8:3:2 The Use of Slug T e s t s i n the Assessment of Groundwater 
Behaviour 
Through the use of s l u g t e s t s i t i s p o s s i b l e to a s c r i b e to a 
s p e c i f i c w e l l l o c a l v a l u e s of t r a n s m i s s i v i t y ( T ) and s t o r a g e ( S ) which 
w i l l , a c c o r d i n g to B l a c k and Klpp ( 1 9 7 7 ) , d i f f e r from the v a l u e s f o r 
the a q u i f e r as a whole. Papadopulus e t a l . (1973) suggested t h a t a 
l a r g e number of such point ( T ) and ( S ) v a l u e s a r e o f t e n of g r e a t e r use 
than a s i n g l e v a l u e of t r a n s m i s s i v i t y obtained from a long-term pump 
t e s t . 
The v a l i d i t y of t h i s s u g g e s t i o n has been demonstrated by the use 
of s l u g t e s t s i n the N a r r a t o r Brook Catchment. Because of the 
v a r i a t i o n i n the wa t e r - b e a r i n g zones i n the v a l l e y , r e s u l t s from a 
long d u r a t i o n pump t e s t would o n l y be a p p l i c a b l e to a s m a l l 
c o n t r i b u t o r y a r e a i n the l o c a l i t y o f a s i n g l e w e l l . More numerous 
s l u g t e s t s c a r r i e d out a t a v a r i e t y of l o c a t i o n s i n the v a l l e y , 
r e p r e s e n t i n g a wider spectrum of h y d r o g e o l o g i c a l m a t e r i a l s and 
c o n d i t i o n s p r e s e n t , have provided a more r e a l i s t i c range o f r e s u l t s 
f o r the weathered g r a n i t e a q u i f e r . Because of the s m a l l d i a m e t e r s of 
the bor e h o l e s the s l u g t e s t t e c h n i q u e i s the only s u i t a b l e method 
employing w e l l responses f o r e s t i m a t i o n of a q u i f e r c o n s t a n t s i n the 
Nar r a t o r Brook Catchment. 
S l u g - t e s t s c a r r i e d out on some 40m of weathered g r a n i t e to the 
C a i t h n e s s a r e a S c o t l a n d gave h y d r a u l i c c o n d u c t i v i t y v a l u e s from 0.02-
1.44 m d~^ a s compared to 1.1-4.6 m d"^ determined f o r the N a r r a t o r 
V a l l e y . The s i m i l a r i t i e s of t h e s e v a l u e s suggets t h a t s l u g - t e s t 
t e c h n i q u e s f o r measuring a q u i f e r c o n s t a n t s i n u n c o n s o l i d a t e d m a t e r i a l s 
a r e v e r y v a l u a b l e , p a r t i c u l a r l y where c o n d i t i o n s f o r l o n g - d u r a t i o n 
pumping t e s t s a r e not s u i t a b l e . 
The s l u g - t e s t has proved to be a u s e f u l means of de t e r m i n i n g 
point t r a n s m i s s i v i t y , and to a l e s s e r e x t e n t s t o r a g e and h y d r a u l i c 
c o n d u c t i v i t y v a l u e s f o r the N a r r a t o r V a l l e y i n f i l l . Due c o n s i d e r a t i o n 
however must be g i v e n to the m o d i f i c a t i o n on a q u i f e r c o n s t a n t s , 
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brought about by d r i l l i n g and c o m p l e t i o n p r o c e d u r e s , when a t t e m p t i n g 
to i n t e r p r e t d e r i v e d t r a n s m i s s l v i t y and s t o r a g e v a l u e s . 
As the d u r a t i o n of the s l u g - t e s t i s v e r y s h o r t the e s t i m a t e d 
t r a n s m i s s l v l t y determined from the t e s t w i l l be r e p r e s e n t a t i v e o n l y of 
the w a t e r - b e a r i n g m a t e r i a l c l o s e to the w e l l , and as s u c h, v a l u e s so 
determined are s i t e s p e c i f i c . V e r t i c a l p e r m e a b i l i t i e s of most 
s t r a t i f i e d a q u i f e r s a r e only s m a l l f r a c t i o n s of t h e i r h o r i z o n t a l 
p e r m e a b i l i t y t h e r e f o r e the induced f l o w w i t h i n the s m a l l r a d i u s of the 
draw-down cone t h a t develops d u r i n g the s h o r t o b s e r v a t i o n p e r i o d i s 
predominantly two-dimensional. 
As a consequence of t h i s two-dimensional flow, the determined 
t r a n s m i s s i v i t y approximates the t r a n s m l s s i v i t y of t h a t p a r t of the 
a q u i f e r i n which the w e l l i s s c r e e n e d . C o n d i t i o n s i n the n e a r 
v i c i n i t y of the w e l l have i n v a r i a b l y been a l t e r e d to some e x t e n t by 
the d r i l l i n g and completion p r o c e d u r e s , and c o n sequently d e r i v e d 
a q u i f e r c o n s t a n t s can be m o d i f i e d . 
B l a c k ( 1 9 7 8 ) , noted t h a t where h o l e s were d r i l l e d u s i n g a mud-
f l u s h r o t a r y method, s l u g - t e s t s gave h y d r a u l i c c o n d u c t i v i t y v a l u e s 
lower by more than a f a c t o r of t e n , than the average v a l u e f o r the 
a q u i f e r as a whole. T h i s was taken to i n f e r s i g n i f i c a n t mud I n v a s i o n 
g i v i n g r i s e to a s u b s t a n t i a l ' s k i n e f f e c t ' . The compressed a l r f l u s h 
used i n the down-the-hole hammer technique as used i n the N a r r a t o r 
Brook i s not c o n s i d e r e d to have such a s u b s t a n t i a l e f f e c t , a l t h o u g h 
some smearing of d r i l l e d s u r f a c e s i n the borehole may have o c c u r r e d a s 
c l a y w i t h water m i x t u r e s were blown to the ground s u r f a c e . The 
h y d r a u l i c c o n d u c t i v i t y v a l u e s determined f o r Well 1 ( C h a p t e r 6 ) were 
lower than expected f o r the amount of sands p e n e t r a t e d a t t h i s 
l o c a t i o n . T h i s may be due to a c l a y c o a t i n g i n the v i c i n i t y of the 
w e l l s c r e e n brought about by the d r i l l i n g or to a g r e a t e r p e r c e n t a g e 
change i n the i n c r e a s i n g c l a y c o n t e n t noted i n the b a s a l sand u n i t of 
t h i s w e l l (Appendix 1 ) . 
Use of the Bouwer and R i c e ( 1 9 7 6 ) method of a n a l y s i s o f s l u g t e s t 
d a t a has provided a q u i f e r c o n s t a n t s c ompatible w i t h c o n c l u s i o n s 
d e r i v e d from the a n a l y s i s of groundwater r e c e s s i o n c u r v e s ( C h a p t e r 4 ) . 
P a r t s of the weathered g r a n i t e a q u i f e r has been shown to p o s s e s s a 
l a r g e s t o r a g e c a p a c i t y , w i t h r a p i d through flow t i m e s . An e s t i m a t e of 
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t r a n s i t time, i n the catchment, d e r i v e d u s i n g Darcy's Law, g i v e s a 
v a l u e of 3 months from Combshead Tor to S t a t i o n C u t t . 
8:3:3 The Use of I t e g r e s s i o n E q u a t i o n s f o r Groundwater P r e d i c t i o n 
Purposes 
I n an attempt to i s o l a t e the important c o n t r o l l i n g independent 
v a r i a b l e s on w a t e r - l e v e l f l u c t u a t i o n s i n the N a r r a t o r V a l l e y , a 
s t e p w i s e r e g r e s s i o n procedure was u t i l i s e d . The prime o b j e c t i v e f o r 
u s i n g a s t e p w i s e r e g r e s s i o n procedure, was to determine the major 
c o n t r o l s of groundwater f l u c t u a t i o n s i n the catchment. As a 
consequence of a m u l t i - a q u i f e r system composed of perched w a t e r t a b l e s 
a t d i f f e r i n g e l e v a t i o n s , p r e d i c t i v e e q u a t i o n s d e r i v e d from the 
s t e p w i s e r e g r e s s i o n procedure were not thought to be v a l i d f o r a l l 
c a s e s i n the N a r r a t o r Brook Catchment. Such r e s u l t s o b t a i n e d 
compounded the o p i n i o n t h a t i n u t i l i s i n g a s t e p w i s e r e g r e s s i o n 
procedure f o r p r e d i c t i v e purposes i n the N a r r a t o r V a l l e y , more s i t e 
s p e c i f i c measurements of s o i l m o i s t u r e , r a i n f a l l , p e r m e a b i l i t y 
v a r i a t i o n s , i n c i d e n c e and d u r a t i o n of s i t e f l o o d i n g , v a r i a t i o n s i n 
r i v e r stage h e i g h t , topographic p o s i t i o n and e l e v a t i o n f a c t o r s s h o u l d 
be i n c o r p o r a t e d i n t o the model. 
T e s t s of s i g n i f i c a n c e on the s e l e c t e d r e g r e s s i o n e q u a t i o n s , and 
the subsequent a n a l y s i s of r e s i d u a l s , i n d i c a t e d t h a t the use of the 
s t e p w i s e r e g r e s s i o n model i n the N a r r a t o r Brook was not c o m p l e t e l y 
s u c c e s s f u l . I t does however f u l f i l l i t s e x p l o r a t o r y r o l e i n t h a t i t 
chooses v a r i a b l e s h a v i n g the s t r o n g e s t r e l a t i o n s h i p w i t h w a t e r - l e v e l 
f l u c t u a t i o n s . These were s o i l m o i s t u r e c o n d i t i o n s , antecedent c a t c h -
ment c o n d i t i o n s , r a i n f a l l and s e a s o n a l v a r i a t i o n s i n catchment i n p u t s . 
I t a l s o s u g g e s t s , by v i r t u e of the l a c k of s i g n i f i c a n t r e g r e s s i o n s 
s e l e c t e d , t h a t more catchment and s i t e parameters a r e r e q u i r e d to 
s u c c e s s f u l l y account f o r the behaviour of groundwater l e v e l s I n the 
N a r r a t o r Brook Catchment. 
8:4 The P o t e n t i a l of the N a r r a t o r Brook A q u i f e r 
S i n c e the N a r r a t o r Brook v a l l e y a q u i f e r has proved to be 
h y d r o g e o l o g i c a l l y complex, d e r i v e d s t o r a g e , t r a n s m i s s l v i t y and 
h y d r a u l i c c o n d u c t i v i t y v a l u e s , form o n l y a t e n t a t i v e guide to the 
w a t e r - b e a r i n g and y i e l d i n g p r o p e r t i e s of the weathered g r a n i t e 
m a t e r i a l s . The a q u i f e r c o n t a n t s determined I n the N a r r a t o r V a l l e y a r e 
summarised I n Table 8:6 along w i t h e s t i m a t e s of mean s a t u r a t e d 
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t h i c k n e s s e s a t each l o c a t i o n and the annual w a t e r t a b l e e l e v a t i o n 
range. W a t e r - l e v e l ranges and v a r i a t i o n s i n s a t u r a t e d depths a g a i n 
i l l u s t r a t e the h y d r o g e o l o g i c a l y d i v e r s i t y of the weathered g r a n i t e 
a q u i f e r . 
T a b l e 8:6 Mean A q u i f e r P r o p e r t i e s , W a t e r l e v e l Ranges and S a t u r a t e d 
T h i c k n e s s e s i n the N a r r a t o r Brook Catchment 
Mean A q u i f e r C o n s t a n t s Annual 
Water 
L e v e l 
Range (m) 
Mean 
S a t u r a t e d 
T h i c k n e s s 
Well 
K 
(m d-1) 
S T 
( n ? d - l ) 
1 0.24 10-** 1.73 2.88 7.74 
2 - - - 2.62 13.3 
3 - - - 0.34 2.0 4 - • - - 0.26 1.06 6 0.89 10-3 3.32 0.75 4.99 
. 7 26.43 - 210.47 2.87 8.47 
9 0.77 lo-** 8.73 4.04 11.91 
10 - - - 1.27 5.6 
11 - - - 0.91 4.0 12 1.01 10-^ 6.13 3.02 7.24 
13 - - • - 1.89 5.06 
14 0.12 10-^ 0.73 3.80 7.31 
15 — — — 5.37 10.09 
8:4:1 Groundwater Resources 
Groundwater s u p p l i e s from the main s a t u r a t e d zone i n the N a r r a t o r 
V a l l e y , assumed to be a t depths g r e a t e r than 15m i n the lower p a r t of 
the v a l l e y , may be a more promising groundwater r e s o u r c e . I t i s 
suggested t h a t data obtained from the s h a l l o w o b s e r v a t i o n w e l l s used 
i n t h i s i n v e s t i g a t i o n , a r e not adequate enough to d e s c r i b e o r attempt 
to q u a n t i f y deeper s o u r c e s i n the N a r r a t o r V a l l e y . These d a t a do 
however suggest the p o t e n t i a l f o r groundwater s t o r a g e i n the weathered 
g r a n i t e v a l l e y a q u i f e r . 
A n a l y s i s of d i s c h a r g e c h a r a c t e r i s t i c s ( C h a p t e r 4) u s i n g flow 
d u r a t i o n c u r v e s and baseflow r e c e s s i o n t e c h n i q u e s f o r the two 
d i s c h a r g e s t a t i o n s i n the catchment have a g a i n I l l u s t r a t e d the 
presence of h y d r a u l l c a l l y d i v e r s e m a t e r i a l s i n the v a l l e y a q u i f e r . 
A d d i t i o n a l l y t e c h n i q u e s u t i l i s i n g d i s c h a r g e measurements have a l s o 
i l l u s t r a t e d the importance, magnitude and s t a b i l i t y of groundwater 
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r e s o u r c e s i n the N a r r a t o r V a l l e y . T a b l e 8:7 summarises the main 
components which h i g h l i g h t the r e s o u r c e p o t e n t i a l of the N a r r a t o r 
Brook a q u i f e r . 
T a b l e 8:7 Groundwater Parameters I n d i c a t i v e of Resource P o t e n t i a l i n 
the N a r r a t o r Brook 
Mean stream d i s c h a r g e 64.41 m^  s e c " 1 
Mean groundwater d i s c h a r g e 
c o n t r i b u t i n g to Streamflow 
50.86 m^  s e c " 1 
Assumed mean depth of weathered 
m a t e r i a l s 
15m 
Assumed mean s a t u r a t e d t h i c k n e s s 12m 
P o t e n t i a l s t o r a g e c a p a c i t y of a q u i f e r 570 X 10^ m^  
Volume of recharge a v a i l a b l e to deep 
groundwater r e s o u r c e s 
557 X 10^ y e a r " ^ 
Average groundwater component a s a 
percentage of streamflow 
73% 
. Mean_groundwater.recession.period_ 200.davs 
The N a r r a t o r V a l l e y p o s s e s s e s a l a r g e volume of weathered g r a n i t e 
w i t h moderate to h i g h t r a n s m i s s i v i t y v a l u e s , 5.42 - 36.965 m^  d"^ 
(Chapter 6 ) . The v a r i e t y of m a t e r i a l s i n the N a r r a t o r a q u i f e r w i t h 
d i f f e r e n t h y d r a u l i c p r o p e r t i e s makes r e s o u r c e assessment d i f f i c u l t . A 
gro s s catchment h y d r a u l i c c o n d u c t i v i t y v a l u e was d e r i v e d from Darcy's 
Law, g i v i n g an average v a l u e of 3.6 x 10"^ m^  s e c " ^ . I t i s emphasised 
that t h i s c a l c u l a t i o n i s merely an attempt to q u a n t i f y the g r o s s 
h y d r a u l i c c h a r a c t e r i s t i c s of the weathered and f r a c t u r e d m a t e r i a l s i n 
the catchment, as though they were t r a n s m i t t i n g groundwater a s d i f f u s e 
flow. The r e a l p h y s i c a l s i t u a t i o n i s most u n l i k e l y to be one of 
homogeneous d i f f u s e flow because of the J o i n t and f i s s u r e systems i n 
the coherent bedrock i n the h i g h e r r e a c h e s of the catchment. Taking a 
2km flow path downstream from Combshead Tor to S t a t i o n C u t t , a t r a n s i t 
time f o r water movement was e s t i m a t e d i n the re g i o n of 3 months. 
Again t h i s i s on l y a t e n t a t i v e s u g g e s t i o n s i n c e s e v e r a l p h y s i c a l 
f e a t u r e s i n the catchment may profoundly a l t e r the e s t i m a t e . Areas of 
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coarse g r a v e l l y d e p o s i t s I n the weathered g r a n i t e m a t r i x along w i t h 
mining s p o i l heaps, w i l l have much h i g h e r p o r o s i t i e s which w i l l reduce 
the f l o w v e l o c i t i e s , w h i l e the g r a n i t e bedrock w i l l have n e g l i g i b l e 
values. I n a d d i t i o n w a t e r - l e v e l s recorded a t I n d i v i d u a l s i t e s i n the 
v a l l e y are the r e s u l t o f a s p e c i f i c w e l l i n t e r s e c t i n g a d i f f e r e n t 
groundwater zone, g i v i n g a v a r i e t y o f head measurements. As such the 
h y d r a u l i c g r a d i e n t d e t e r m i n a t i o n s i n the N a r r a t o r V a l l e y o n l y 
approximate gross average c o n d i t i o n s over the catchment area. 
C a l c u l a t i o n s , based on the average consumption o f water o f some 
310 l i t r e s per person per day (Rodda et_ al^. 1976), would suggest t h a t 
a p o p u l a t i o n o f some 1000 people could be s u p p l i e d c o n t i n u o u s l y f o r 
ne a r l y f i v e years from t h e estimated deep groundwater resources ( T a b l e 
8:7) from the N a r r a t o r Brook V a l l e y a q u i f e r . A mean stream s u r p l u s o f 
3.92 X 10® m^  y r " ^ i s a v a i l a b l e which represents t h a t volume o f water 
which could be a b s t r a c t e d w i t h o u t d e p l e t i o n o f storage or baseflow 
c o n t r i b u t i o n t o the n a t u r a l discharge o f the N a r r a t o r Brook as 
measured a t S t a t i o n C u t t . 
Both the above p o t e n t i a l resources are t h e o r e t i c a l c o n s i d e r a t i o n s 
only i n the Na r r a t o r V a l l e y , since the Na r r a t o r Brook discharges i n t o 
B u r r a t o r Reservoir, which s u p p l i e s domestic and i n d u s t r i a l water t o 
Plymouth and i t s e n v i r o n s . As such the development and p o t e n t i a l 
a b s t r a c t i o n from the weathered g r a n i t e v a l l e y a q u i f e r a t t h i s l o c a l i t y 
i s c u r t a i l e d , since both surface and groundwaters e v e n t u a l l y f i n d 
t h e i r way t o the r e s e r v o i r b a s i n and hence f u r n i s h p u b l i c water 
supplies w i t h a d d i t i o n a l resources. The resource p o t e n t i a l o f the 
weathered g r a n i t e a q u i f e r i n the N a r r a t o r V a l l e y w i l l have relevance 
to other weathered g r a n i t e v a l l e y s on Dartmoor, and on the development 
of c r y s t a l l i n e areas i n ge n e r a l f o r p u b l i c water s u p p l i e s . 
8:4:2 Groundwater Q u a l i t y 
A major c o n s i d e r a t i o n i n the e x p l o i t a t i o n o f a groundwater 
resource i s the q u a l i t y of the water i n terms o f i t s p o t a b i l i t y f o r 
p u b l i c consumption. The chemical a n a l y s i s c a r r i e d out on waters from 
the groundwater o b s e r v a t i o n network I n the N a r r a t o r V a l l e y , can o n l y 
be used as a p r e l i m i n a r y guide i n d i c a t i n g the s u i t a b i l i t y o f the 
groundwaters from the weathered g r a n i t e a q u i f e r , f o r d r i n k i n g water 
s u p p l i e s . Solute c o n c e n t r a t i o n s from groundwaters and surface waters 
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i n the N a r r a t o r V a l l e y were shown t o be w e l l w i t h i n European Economic 
Community s p e c i f i e d l i m i t s f o r good potable d r i n k i n g s u p l l e s . 
I r o n c o n c e n t r a t i o n s I n waters from the catchment were not 
I n v e s t i g a t e d i n the course of t h i s research p r o j e c t , but are known 
from r e c o r d i n g s i n B u r r a t o r Reservoir t o be above 0.1 mg 1~^ ( T a y l o r , 
pers. comm. 1978). Groundwaters f e e d i n g the bogs higher upstream i n 
the catchment become oxygenated upon rea c h i n g the s u r f a c e , and 
d i s s o l v e d i r o n i n the groundwater i s o x i d i s e d t o the f e r r i c s t a t e . As 
t h i s form I s i n s o l u b l e i t p r e c i p i t a t e s and combines w i t h humlc 
c o l l o i d s i n the bogs. The presence of such c o l l o i d a l suspension 
imparts a d i s t i n c t i v e r e d d i s h brown c o l o u r a t i o n t o the stream, which 
increases d u r i n g stormflow as much g r e a t e r q u a n t i t i e s are m o b i l i s e d . 
As a consequence the whole stream becomes d i s c o l o u r e d and 
c o n c e n t r a t i o n s of i r o n i n the r e s e r v o i r o f t e n exceed the maximum 
pe r m i s s i b l e value of Img 1~^ recommended by the World He a l t h 
O r g a n i s a t i o n f o r d r i n k i n g water. I n order t o combat t h i s the waters 
of B u r r a t o r Reservoir have, since 1959, been t r e a t e d w i t h alum t o 
remove I r o n i n c o l l o i d a l suspension. 
8:4:3 General Assessment of Weathered G r a n i t e Resources 
The v a r i a b l e nature of the p h y s i c a l p r o p e t l e s , and the t h i c k n e s s 
of v a l l e y i n f i l l , and the l a t e r a l e x t e n t o f c l a y lenses a l l c o n t r i b u t e 
t o anlsotrophy i n the weathered g r a n i t e a q u i f e r o f the N a r r a t o r 
V a l l e y . Such v a r i a t i o n s I n the thicknesses and d i s p o s i t i o n of 
m a t e r i a l s I n weathered g r a n i t e a q u i f e r s , as I l l u s t r a t e d i n the case of 
the N a r r a t o r Brook V a l l e y , are t y p i c a l o f v a l l e y s on g r a n i t e areas i n 
South West England. This can r e a d i l y be seen from the c r o s s - p r o f i l e s 
c o n s t r u c t e d o f s e v e r a l weathered g r a n i t e v a l l e y s i n South West England 
as described I n Chapter 2. As such, a l l weathered g r a n i t e d e p o s i t s 
show h y d r o g e o l o g i c a l complexity t o v a r y i n g degrees, and a q u i f e r 
constants are l i k e l y t o vary w i d e l y , and those values determined are 
s i t e s p e c i f i c values o n l y . 
The s i m i l a r i t i e s between the nature and d i s p o s i t i o n o f weathered 
g r a n i t e m a t e r i a l s i n both the Taw Marsh area (N.E. Dartmoor) and the 
N a r r a t o r V a l l e y are s t r i k i n g . Both l o c a t i o n s are c h a r a c t e r i s e d by 
c l a y s , sands and g r a v e l s o v e r l y i n g a more coherent g r a n i t e base, and 
e x h i b i t i n g l a t e r a l i n c o n s i s t e n c i e s t o the e x t e n t t h a t adjacent 
l i t h o l o g l e s cannot be r e a d i l y c o r r e l a t e d . As a r e s u l t a l l such 
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weathered g r a n i t e zones w i l l e x h i b i t h y d r o g e o l o g i c a l complexity t o 
v a r y i n g degrees, and a q u i f e r constants w i l l v a r y w i d e l y . Consequently 
h y d r a u l i c c o n d i t i o n s evaluated a t a p a r t i c u l a r l o c a t i o n are s p e c i f i c 
to t h a t l o c a t i o n alone, and attempts t o p r o j e c t such parameters and 
thereby p r e d i c t o v e r a l l a q u i f e r responses are s u b j e c t to gross e r r o r . 
I t seems reasonable to propose t h a t i n weathered g r a n i t e zones on 
Dartmoor, whether they be v a l l e y a q u i f e r s l i k e the N a r r a t o r Brook 
Catchment, or b a s i n areas such as Taw Marsh, the groundwater 
d i s t r i b u t i o n i s l i k e l y t o be determined by s i t e s p e c i f i c p r o p e r t i e s , 
as h y d r a u l i c g r a d i e n t s depend on l o c a l topography as w e l l as 
g e o l o g i c a l l o c a t i o n . A d i r e c t r e s u l t o f t h i s h y d r o g e o l o g i c a l 
complexity I s t h a t groundwater resource assessment i n weathered 
g r a n i t e a q u i f e r s i s beset by t h r e e main problems: 
( i ) the d e t e r m i n a t i o n o f the geometry of the weathered g r a n i t e 
a q u i f e r ; t h i s i n c l u d e s i t s d e p t h , s a t u r a t e d t h i c k n e s s , 
l i t h o l o g i c a l v a r i a t i o n s and h y d r a u l i c p r o p e r t i e s (Chapters 
1, 2. 6) 
( i i ) the d e l i n e a t i o n of recharge areas, i n c l u d i n g subsurface 
sources, and f i s s u r e - d r a i n a g e c o n t r i b u t i o n s (Chapters 5 and 
7) 
( i l l ) the d e t e r m i n a t i o n o f the magnitude and s i g n i f i c a n c e o f 
losses through leakage, and t o estimate underflow volimes 
(Chapter 4 ) . 
The resource e v a l u a t i o n f o r weathered g r a n i t e areas i s more a k i n t o 
those of a l l u v i a l a q u i f e r s as o u t l i n e d by J e f f c o a t e (1979). The 
standard technique f o r e s t i m a t i n g recharge volumes i n f i l t r a t i n g over a 
s p e c i f i e d a r e a l extent of exposed water-bearing and t r a n s m i t t i n g 
l i t h o l o g i e s , i s not v a l i d i n the case of a l l u v i a l a q u i f e r s or 
weathered g r a n i t e areas, because of the d i v e r s i t y o f l i t h o l o g i e s b o t h 
i n 'outcrop' areas and w i t h i n the a q u i f e r m a t r i x I t s e l f , 
I n areas of a g r a n i t e catchment w i t h a widespread development of 
ironpan sequences v e r t i c a l i n f i l t r a t i o n w i l l be minimal, and l a t e r a l 
f l o w may c o n t r i b u t e d i r e c t l y t o the stream channel and overland f l o w 
processes. I n the l o c a l i s e d spoil-heap regions i n the N a r r a t o r 
V a l l e y surface r u n o f f i s e l i m i n a t e d as these coarser d e p o s i t s 
f a c i l i t a t e r a p i d i n f i l t r a t i o n , as w i l l sand and g r a v e l l i t h o l o g i e s 
w i t h i n the weathered g r a n i t e m a t r i x . Clay lenses and o t h e r l a t e r a l l y 
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ImpersistenC t e x t u r a l horizons w i l l impede the downward movement o f 
i n f i l t r a t i n g waters, r e s u l t i n g I n perched groundwater bodies whose 
volume i s d i f f i c u l t t o a s c e r t a i n . As a recharge event c o n t i n u e s , 
clay lenses a t c e r t a i n l o c a t i o n s w i t h i n the weathered m a t e r i a l s w i l l 
s p i l l - o v e r , r e s u l t i n g i n e i t h e r recharge t o the main u n d e r l y i n g 
saturated zone, or c o n t r i b u t i n g t o the groundwater resources on 
another i s o l a t e d c l a y l e n s . 
Resource assessment i n weathered g r a n i t e a q u i f e r s on a ge n e r a l 
basis i s e v i d e n t l y a d i f f i c u l t task. I n a d d i t i o n replenishment o f the 
main s a t u r a t e d zone can be a f f o r d e d through leakage from the stream 
channel t o the a q u i f e r , and c o n t r i b u t i o n s from f i s s u r e and f r a c t u r e 
systems i n the coherent g r a n i t e . I t has been shown i n the case o f the 
Narrator V a l l e y t h a t c e r t a i n p a r t s o f the stream channel are i n 
h y d r a u l i c c o n t i n u i t y w i t h the a q u i f e r , and these c o n d i t i o n s vary 
widely w i t h i n one catchment area. Underflow losses c o n s t i t u t i n g 
volumes e q u i v a l e n t t o some 5% of the discharge i n the stream channel 
at any p o i n t i n time i n the Na r r a t o r Brook, may a l s o vary w i t h i n a 
catchment, f u r t h e r c o m p l i c a t i n g an alread y complex h y d r o g e o l o g i c a l 
assessment. 
8:5 The General Form and P r o p e r t i e s o f Weathered G r a n i t e A q u i f e r s 
I t i s evident from the m a t e r i a l c o l l a t e d from s i t e I n v e s t i g a t i o n 
and dam excavations, t h a t the occurrence d i s t r i b u t i o n and depth o f 
weathered g r a n i t e and i t s p o t e n t i a l f o r water s t o r a g e , a l b e i t i n 
i s o l a t e d a q u i f e r u n i t s , i s not i n s i g n i f i c a n t on the g r a n i t e areas i n 
South West England. The case of the N a r r a t o r V a l l e y weathered g r a n i t e 
a q u i f e r , as I n v e s t i g a t e d here, i l l u s t r a t e s some c h a r a c t e r i s t i c 
f e a t u r e s o f such I s o l a t e d water-bearing m a t e r i a l s . 
8:5:1 The Extent o f Weathered G r a n i t e A q u i f e r s 
The r e g i o n a l boundaries o f such a q u i f e r s are e a s i l y d e f i n e d , 
since the u n i f o r m i t y of the u n d e r l y i n g g e o l o g i c a l s t r u c t u r e o f g r a n i t e 
I n t r u s i o n s l i k e Dartmoor, suggest, t h a t topographic and groundwater 
d i v i d e s are near c o i n c i d e n t . Most p o t e n t i a l weathered g r a n i t e 
a q u i f e r s are present i n v a l l e y s i t u a t i o n s , e.g. B u r r a t o r , Fernworthy, 
Cowsic and Huccaby. 
The depth t o s o l i d , bedrock i n a l l cases reviewed i n South West 
England, as p a r t o f t h i s research p r o j e c t , i s not unif o r m and v a r i e s 
from depths of 0.6m t o g r e a t e r than 47m, I n some cases t h i s r e s u l t s 
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i n g r e a t e r thicknesses of weathered m a t e r i a l s being c o n f i n e d t o one 
l o c a t i o n i n the v a l l e y ; as i n the case o f Hart Tor where g r e a t e r 
thicknesses are found on the south east s i d e , on the east side at 
Cowslc; w h i l e at Swincombe, Huccaby, Tawmarsh and Fernworthy on 
Dartmoor, the g r e a t e r thicknesses are apparent i n the c e n t r a l area of 
the v a l l e y . 
I n some Instances, on the g r a n i t e s o f South West England, r o t t e d 
g r a n i t e i s dispersed i n t h i c k e r u n i t s beneath the v a l l e y c e ntres 
beause e r o s i o n has worked p r e f e r e n t i a l l y along weaker f e a t u r e s . Major 
decomposition I s associated w i t h m i n e r a l i s a t i o n o f the g r a n i t e s i n the 
south west, as i s the case i n Fernworthy, B u r r a t o r , Sheepstor and Taw 
Marsh. On the whole the thicknesses of unco n s o l i d a t e d m a t e r i a l s t h i n 
towards the v a l l e y sides w i t h the i n t e r f l u v e areas being composed of 
s o l i d g r a n i t e , i n a l l the cases examined. This f e a t u r e I s 
h y d r o g e o l o g i c a l l y s i g n i f i c a n t . I f the groundwater i s t o be s t o r e d or 
t r a n s m i t t e d through the weathered g r a n i t e alone, and assuming no 
drainage f i s s u r e s are present i n the coherent g r a n i t e base of a v a l l e y 
a q u i f e r , then such catchments may be considered t o be w a t e r t i g h t . 
As a r e s u l t o f f i s s u r e s , f r a c t u r e s , m i n e r a l i s a t i o n , hydrothermal 
processes and associated weathering, t o g e t h e r w i t h p e r i g l a c i a l and 
a l l u v i a l d e p o s i t s , the thicknesses and l a t e r a l e x t e n t o f such 
m a t e r i a l s o v e r l y i n g a g r a n i t e base d i f f e r markedly. The g r e a t v a r i e t y 
of m a t e r i a l s and v a r i a t i o n s i n thicknesses and l a t e r a l e x t e n t are 
i l l u s t r a t e d from the borehole logs a v a i l a b l e f o r Taw Marsh and the 
Narrator V a l l e y . As a r e s u l t , the h y d r a u l i c p r o p e r t i e s of a weathered 
g r a n i t e a q u i f e r vary from the very permeable sands and g r a v e l s t o the 
r e l a t i v e l y Impermeable cl a y s and k a o l i n i s e d zones. 
Large q u a n t i t i e s o f groundwater appear t o be t r a n s p o r t e d v i a 
f i s s u r e and j o i n t systems i n the g r a n i t e i n some o f the weathered 
v a l l e y s subjected t o s i t e i n v e s t i g a t i o n s . I n view o f t h i s i t would be 
u s e f u l t o have access t o a d e t a i l e d survey o f j o i n t and f i s s u r e trends 
i n g r a n i t e areas, p a r t i c u l a r l y i f attempts are t o be made t o assess 
the water resource p o t e n t i a l - On Dartmoor t h e r e I s considerable l o c a l 
accordance between v a l l e y and j o i n t d i r e c t i o n s , as i n p a r t s of the 
Cowsic, Meavy, Webburn, Taw, Dart and Plym v a l l e y s (Brammall 1926). 
Worth (1930) however suggested t h a t t h e r e i s an absence of dominant 
r e g i o n a l trends i n j o i n t i n g on Dartmoor. 
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Junctions of the weathered rocks w i t h the coherent g r a n i t e 
basement are uneven and a t v a r i o u s depths depending on t h e l o c a t i o n 
and Incidence o f f i s s u r i n g and m i n e r a l i s a t i o n processes. At 
Fernworthy, B u r r a t o r and Sheepstor decomposed m a t e r i a l s were recorded 
i n the borehole logs as becoming more r e s i s t a n t w i t h depth, and 
merging i n t o hard rock, i n some cases a b r u p t l y . J o i n t s were observed 
to close up w i t h depth a t most l o c a t i o n s . 
8:5:2 Groundwater Movement 
Hy d r a u l i c g r a d i e n t s i n any a q u i f e r are caused by v a r i a t i o n s i n 
the h y d r a u l i c p o t e n t i a l or 'head* from one p o i n t t o another. The 
d r i v i n g f o r c e behind a l l movement of groundwater I s the p o t e n t i a l 
energy the water possesses by v i r t u e of i t s e l e v a t i o n above sea l e v e l . 
I n weathered g r a n i t e m a t e r i a l s i n p a r t i c u l a r the h y d r a u l i c g r a d i e n t 
v a r i e s from s i t e t o s i t e . P o r o s i t y and h y d r a u l i c c o n d u c t i v i t y are 
l i k e l y t o be w i t h i n a l i m i t e d range f o r a p a r t i c u l a r type o f m a t e r i a l 
i n a s p e c i f i c g e o l o g i c a l l o c a t i o n , but the h y d r a u l i c g r a d i e n t , which 
determines groundwater movement depends on l o c a l topography as w e l l as 
g e o l o g i c a l l o c a t i o n . 
C a l c u l a t i o n s of f o r m a t i o n constants based on pump t e s t s o r s l u g 
t e s t s give w i d e l y v a r y i n g r e s u l t s due t o the heterogeneous nature o f 
the a q u i f e r , and the r e s u l t s can be taken o n l y as a ge n e r a l guide t o 
c o n d i t i o n s . The groundwater recharge t o a weathered g r a n i t e a q u i f e r 
may be from three sources: 
( 1 ) replenishment by i n f i l t r a t i n g p r e c i p i t a t i o n water onto 
permeable areas o f exposed a q u i f e r m a t e r i a l 
(11) leakage from the r i v e r bed 
( i l l ) f i s s u r e and f r a c t u r e c o n t r i b u t i o n s . 
Although there may be wide v a r i a t i o n s i n groundwater f l o w , i n 
d i r e c t i o n as w e l l as q u a n t i t y , the f l o w p a t t e r n w i l l tend towards 
s t a b i l i t y i n d ry periods r e l y i n g on baseflow sources w i t h 
c o n t r i b u t i o n s from underflow. This underflow may be compared w i t h t h e 
more conventional baseflow component of streamflow i n a v a l l e y . 
U nlike baseflow o f a r i v e r which i s normally continuous and I n c r e a s i n g 
down v a l l e y , wide v a r i a t i o n s may occur i n underflow down a weathered 
g r a n i t e v a l l e y due to d i f f e r e n c e s i n a q u i f e r geometry and h y d r a u l i c 
p r o p e r t i e s . This r e s u l t s i n v a r i a b l e I n f l u e n t and e f f l u e n t s e c t i o n s 
along the stream bed, as I l l u s t r a t e d i n the case o f the N a r r a t o r 
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V a l l e y . The e x t e n t o f h y d r a u l i c c o n t i n u i t y was determined f o r a study 
s t r e t c h o f the N a r r a t o r Brook Channel, but i t i s f e l t t h a t such 
c o n d i t i o n s w i l l d i f f e r g r e a t l y w i t h i n the N a r r a t o r v a l l e y I t s e l f , 
although the method of d e t e r m i n a t i o n w i l l be a p p l i c a b l e f o r use i n 
other catchments. 
Mining a c t i v i t i e s may enhance the sub-surface f l o w pathways i n 
weathered and f r a c t u r e d g r a n i t e . Old a d i t s and drainage channels may 
be so u t i l i s e d . There I s l i t t l e d e t a i l e d documented evidence 
a v a i l a b l e as t o the e x t e n t o f these a c t i v i t i e s on p a r t s o f Dartmoor, 
and I n the N a r r a t o r V a l l e y i n p a r t i c u l a r . As a consequence of t h i s , 
and of the v a r i e t y o f m a t e r i a l s of d i f f e r e n t h y d r a u l i c p r o p e r t i e s 
present, estimates o f gross catchment parameters such as h y d r a u l i c 
c o n d u c t i v i t y and p o r o s i t y must be viewed w i t h c a u t i o n . 
8:5:3 A General Model f o r Groundwater Cond i t i o n s I n Weathered Granite 
A q u i f e r s 
The N a r r a t o r V a l l e y a q u i f e r has been shown t o be a 
h y d r o g e o l o g l c a l l y complex system, and as such i s not an i d e a l 
s i t u a t i o n from which t o d e r i v e a general groundwater f l o w model 
a p p l i c a b l e to o t h e r weathered g r a n i t e areas. The d i s p o s i t i o n and 
thickness of weathered m a t e r i a l s on the g r a n i t e s I n South West England 
are l i k e l y t o be unique f o r each l o c a t i o n . As such, i n d i v i d u a l s i t e s 
w i l l e x h i b i t h y d r o g e o l o g i c a l complexity t o v a r y i n g degrees as 
I l l u s t r a t e d i n Figure 8:i^. As a consequence p o t e n t i a l resource 
assessment by more c o n v e n t i o n a l means i s I n a p p r o p r i a t e , p a r t i c u l a r l y 
as Darcian f l o w may I n some zones be superseded by t u r b u l e n t f l o w 
c o n d i t i o n s . Todd (1959) noted t h a t non-Darcy f l o w c o n d i t i o n s may be 
found i n rock a q u i f e r s , i n unconsolidated a q u i f e r s w i t h steep 
h y d r a u l i c g r a d i e n t s , or I n those a q u i f e r m a t e r i a l s c o n t a i n i n g l a r g e 
diameter openings. Confident p r e d i c t i o n s , concerning the p o t e n t i a l o f 
water resources elsewhere i n o t h e r weathered g r a n i t e t e r r a i n s , are 
t h e r e f o r e u n l i k e l y . I t i s however apparent from the i n v e s t i g a t i o n s i n 
the N a r r a t o r V a l l e y , t h a t groundwater from storage i n weathered 
g r a n i t e m a t e r i a l s c o n t r i b u t e s s i g n i f i c a n t l y t o catchment r u n o f f , and 
could adequately f u r n i s h s m a l l i s o l a t e d s u p p l i e s f o r s h o r t - t e r m 
periods. 
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8:6 Recommendations and Proposals f o r F u r t h e r Research 
8:6:1 A q u i f e r Thickness 
I t i s f e l t t h a t t h i s i n v e s t i g a t i o n has f u l f i l l e d most of the 
i n i t i a l aims as o u t l i n e d i n Chapter 1. One ex c e p t i o n i s the f a i l u r e 
to determine d e f i n i t i v e depths t o s o l i d bedrock i n the N a r r a t o r Brook 
Catchment. The a q u i f e r t h i c k n e s s was not obtained due t o the 
existence of g r e a t e r depths of unconsolidated m a t e r i a l i n the v a l l e y , 
and as a consequence the equipment l i m i t a t i o n s were exceeded. However 
i t i s considered t h a t f u r t h e r geoselsmic i n v e s t i g a t i o n s i n the 
Narrator V a l l e y would be w o r t h w h i l e , since the v e r t i c a l and l a t e r a l 
e x t ent of the weathered g r a n i t e a q u i f e r need t o be determined i n order 
to r e f i n e the I n i t i a l t e n t a t i v e storage estimates d e r i v e d d u r i n g t h i s 
i n v e s t i g a t i o n . 
8:6:2 Extent of J o i n t and Fissure Systems 
I t i s apparent from the weathered g r a n i t e v a l l e y r egions on 
Dartmoor, which have been s i t e s of dam c o n s t r u c t i o n or t r i a l 
i n v e s t i g a t i o n s , t h a t j o i n t and f i s s u r e systems are im p o r t a n t ground-
water c o n d u i t s . I t would be u s e f u l t o have access t o documented 
sources, i n d i c a t i n g the main j o i n t and f i s s u r e system trends on 
Dartmoor and other g r a n i t e i n t r u s i o n s i n the South West England. A 
survey o f the j o i n t and f i s s u r e systems present i n the N a r r a t o r Brook 
experimental catchment area would c o n t r i b u t e g r e a t l y t o the data-base 
a v a i l a b l e I n t h i s v a l l e y , and may throw l i g h t upon the o r i g i n o f some 
of the sp r i n g s * 
8:6:3 Spring Development 
The o r i g i n of s p r i n g s I n weathered g r a n i t e areas, r e l e v a n t t o 
c o n d i t i o n s i n the Na r r a t o r Brook Catchment are a t t r i b u t e d t o f i s s u r e 
f l o w i n coherent granites., drainage by s u b - a e r i a l mine workings, 
i n t r u s i v e v e i n systems, and ephemeral seepages due t o the J u s t a p o s t l o n 
of m a t e r i a l s of d i f f e r i n g p e r m e a b i l i t e s . 
A d e t a i l e d survey o f s p r i n g and seepage s i t e s may pr o v i d e 
s u b s t a n t i a l c o r r o b o r a t i v e evidence t o support these hypotheses. Such 
i n f o r m a t i o n may be u s e f u l and a p p l i c a b l e i n weathered g r a n i t e a q u i f e r s 
elsewhere. A t r a c i n g technique f o r use i n some o f the deeper seated 
springs may be p r o d u c t i v e . A s p r i n g which developed a t the f o o t o f 
Sheepstor Dam, was i n i t i a l l y thought t o be the r e s u l t o f a leak from 
the r e s e r v o i r , but a chemical a n a l y s i s showed i t t o possess d i s t i n c t l y 
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d i f f e r e n t c h a r a c t e r i s t i c s ( T a y l o r , pers. comm. 1978). I f s p r i n g 
waters sampled over a g r a n i t e area possess d i f f e r e n t chemical 
c h a r a c t e r i s t i c s then i t may be p o s s i b l e t o determine whether they are 
from l o c a l i s e d shallow o r i g i n i n weathered m a t e r i a l s , from deeper f l o w 
i n the f r a c t u r e d g r a n i t e bedrock, o r s u p p l i e d by f i s s u r e systems over 
a r e g i o n a l s c a l e . 
8:6:4 D e l i n e a t i o n o f Groundwater Flow Regimes 
Gra n i t e r e g i o n s , by v i r t u e o f t h e i r n e g l i g i b l e p e r m e a b i l i t i e s are 
not normally considered t o possess r e g i o n a l groundwater systems i n the 
same sense as those of sedimentary a q u i f e r s . However, i f deep seated 
f i s s u r e systems are developed w i t h i n an area then groundwater i n the 
f i s s u r e s may o r i g i n a t e a t some di s t a n c e from i t s p o i n t o f emergence. 
Loc a l i s e d groundwater systems developing i n weathered g r a n i t e v a l l e y s 
are l i k e l y t o be more r e a d i l y a c c e s s i b l e f o r m o n i t o r i n g , than any deep 
f i s s u r e f l o w system. Despite d i f f i c u l t i e s i n assessing weathered 
g r a n i t e a q u i f e r p o t e n t i a l , due t o the v a r i e t y o f m a t e r i a l s and 
d i f f e r i n g h y d r a u l i c c h a r a c t e r i s t i c s present, they appear t o be the 
most f e a s i b l e p r o p o s i t i o n f o r the development of groundwater resources 
i n g r a n i t e areas. 
Unless a f i s s u r e system terminates a t the base of a weathered 
g r a n i t e v a l l e y a q u i f e r , r e g i o n a l groundwater f l o w systems, i f present 
i n a g r a n i t e mass, are u n l i k e l y t o modify the l o c a l l y developed 
groundwater systems. This i s not always the case i n sedimentary 
a q u i f e r s p a r t i c u l a r l y where steep h y d r a u l i c g r a d i e n t s are induced by 
pumping and as a consequence the r e g i o n a l pressure d i s t r i b u t i o n may be 
mod i f i e d . I f a small i s o l a t e d weathered g r a n i t e a q u i f e r were t o be 
p e r i o d i c a l l y 'mined' o f i t s resources, then by v i r t u e o f I t s water-
t i g h t n e s s and the n e g l i g i b l e p e r m e a b i l i t y o f the g r a n i t e basement, no 
d e l e t e r i o u s e f f e c t s would be f e l t elsewhere. 
8:6:5 Ml c r o s t u d i e s 
I n the p a r t i c u l a r case o f the N a r r a t o r Brook V a l l e y a q u i f e r , i t 
i s f e l t t h a t because o f the v a r i e t y o f m a t e r i a l s present and the 
d i f f e r e n c e s i n h y d r a u l i c p r o p e r i e s , i t might be a p p r o p r i a t e t o adopt 
some more r i g o r o u s s i t e s p e c i f i c s t u d i e s . Such m i c r o s t u d l e s should 
attempt t o monitor the i n d i v i d u a l responses of d i f f e r e n c e a q u i f e r 
m a t e r i a l s to recharge events. Results from such s t u d i e s may produce 
more h e l p f u l parameters f o r use i n the stepwise r e g r e s s i o n model, and 
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thereby a i d i n the p r e d i c t i o n o f groundwater behaviour i n weathered 
g r a n i t e a q u i f e r s . 
Because o f the p h y s i c a l l i m i t a t i o n s o f the o b s e r v a t i o n w e l l s , and 
the r e s t r i c t e d groundwater h o r i z o n s p e n e t r a t e d , c o n v e n t i o n a l pump 
t e s t s were not su c c e s s f u l i n the catchment. They d i d however produce 
some d i r e c t evidence concerning the storage e f f e c t s o f the f o r m a t i o n 
s t a b i l i s e r a t each l o c a t i o n . Short r a p i d r i s e s i n the e a r l y p a r t of 
the recovery curves i n the N a r r a t o r V a l l e y were I n t e r p r e t e d as the 
r e s u l t of the d r a i n i n g o f the w e l l b a c k f i l l / f o r m a t i o n s t a b i l i s e r . I f 
the storage e f f e c t o f the f o r m a t i o n s t a b i l i s e r i s l a r g e i n p r o p o r t i o n 
to the slug of water withdrawn d u r i n g a slug t e s t , then a q u i f e r 
constants, so d e r i v e d , are l i k e l y t o be more r e p r e s e n t a t i v e o f the 
h y d r a u l i c p r o p e r t i e s o f the f o r m a t i o n s t a b i l i s e r r a t h e r than the 
a q u i f e r m a t e r i a l s . 
I n the published l i t e r a t u r e a v a i l a b l e on slug t e s t i n g no 
reference i s made t o the volumes of slugs used i n each case, or the 
appropriateness of a known volume t o s p e c i f i c s i t e c o n d i t i o n s . I n the 
narrow w e l l s i n the Na r r a t o r V a l l e y a l a r g e r s l u g volume may produce 
w e l l responses more c h a r a c t e r i s t i c o f the a q u i f e r m a t e r i a l . I f the 
volume of the s l u g used i s l a r g e enough i t may I n c o r p o r a t e storage 
e f f e c t s from the f o r m a t i o n s t a b i l i s e r , and hence produce a more 
c h a r a c t e r i s t i c w e l l response a t t r i b u t a b l e t o the a q u i f e r m a t e r i a l s . 
I n the Na r r a t o r Brook Catchment two slug s i z e s were u t i l i s e d a t 
each s i t e t e s t e d i n an attempt t o v e r i f y any changes o f a q u i f e r 
constants. The w e l l responses a t each s i t e u s i ng two d i f f e r e n t volume 
slugs (150ml and 50ml c a p a c i t y ) showed l i t t l e v a r i a t i o n . This i s 
considered t o be due t o the f a c t t h a t the i n d i v i d u a l s l u g volumes were 
not l a r g e enough, and t h a t the c a p a c i t y change between the two slugs 
were not of a l a r g e enough magnitude. Due t o the p h y s i c a l c o n s t r a i n t s 
of the observation w e l l sizes the use o f much l a r g e r volume slugs was 
i m p r a c t i c a l , and time c o n s i d e r a t i o n s c u r t a i l e d f u r t h e r equipment 
developments r e q u i r e d t o evaluate t h i s approach. I t i s f e l t however, 
t h a t v a r i a t i o n s o f a q u i f e r constant d e t e r m i n a t i o n s i n r e l a t i o n s h i p t o 
sl u g volume u t i l i s e d , m e r i t s f u r t h e r i n v e s t i g a t i o n s p a r t i c u l a r l y i n 
areas of unconsolidated a q u i f e r m a t e r i a l s , such as weathered g r a n i t e 
r e g i o n s . 
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8:6:6 Future Boreholes 
The m a j o r i t y o f the o b s e r v a t i o n w e l l s i n the N a r r a t o r V a l l e y o n l y 
provide i n f o r m a t i o n concerning the perched zones i n the weathered 
g r a n i t e m a t r i x . I t i s recommended t h a t should f u r t h e r i n v e s t i g a t i o n s 
i n t o the occurrence o f groundwater i n t h i s a q u i f e r be undertaken, then 
p r o v i s i o n should be made f o r the s i n k i n g of a t l e a s t two deep (>20m) 
cased and screened w e l l s . This would produce the o p p o r t u n i t y t o 
conduct a long d u r a t i o n pump t e s t w i t h the f a c i l i t y o f a second 
borehole f o r o b s e r v a t i o n purposes. I t i s suggested t h a t these should 
be l o c a t e d w i t h i n the groundwater o b s e r v a t i o n network a l r e a d y 
i n s t i g a t e d f o r t h i s research i n v e s t i g a t i o n . 
Any f u t u r e d r i l l i n g should r e s u l t i n the c o l l e c t i o n o f a 
d e f i n i t i v e l o g o f m a t e r i a l s p e n e t r a t e d , and samples from v a r i o u s 
depths i n the a q u i f e r f o r p a r t i c l e s i z e a n a l y s i s would be advan-
tageous. An a l t e r n a t i v e d r i l l i n g technique i s r e q u i r e d i n order t o 
penetrate the v a r i a b l e thicknesses of d i f f e r e n t m a t e r i a l s I n the 
v a l l e y i n f i l l . A percussion technique would be s u i t a b l e , a method by 
which w e l l casing f o l l o w s the d r i l l t o o l , thereby e n a b l i n g the 
e f f i c i e n t removal of the b i t and d r i l l s t r i n g from the h o l e . The 
emplacement of the casing as d r i l l i n g progresses w i l l p r o v i d e good 
access i n badly caving m a t e r i a l s . 
Since hydrogeology i s a dynamic and Inexact science, the accuracy and 
r e l i a b i l i t y of acquired data w i l l u s u a l l y increase w i t h a longer 
d u r a t i o n of o b s e r v a t i o n p e r i o d . The i n t e r p r e t a t i o n s presented here 
are based on 18 months of w a t e r - l e v e l and geochemical data c o l l e c t e d 
I n the Narra t o r Brook Catchment. As such any r e s u l t s can be taken 
only as a general guide t o the h y d r o g e o l o g i c a l c o n d i t i o n s . Features 
observed do however i n d i c a t e the r e l a t i v e speed o f response of 
weathered g r a n i t e a q u i f e r s t o recharge events, and t h e i r resource 
p o t e n t i a l . 
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Appendix 1 
D r i l l i n g Logs, Narrator Catchment 
Dartmoor Devon 
D r i l l i n g logs. Taw Marsh 
N.E. Dartmoor 
la-
DRILLING LOGS - No>^mber_J978 
NARRATOR CATCHMENT 
(BURRATOR) Dartmoor, Devon 
KEY 
Vertical scale: 1 cm = 1 metre 
Horizontal scale : Not to scale 
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Water table at time of drilling 
Sand and gravel 
Total depth lined 
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DESCRIPTION 
Topsoil 
Brown soil with dry 
sandy material 
Granitic boulder 7 
Ground level 
Grey sand with 
a yellow tinge 
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grey sand 
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Orange sand passing 
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yellow sand with 
increasing clay content 
20 
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LITHOLOGY DESCRIPTION 
10 H 
I 5 i 
b « ° o _ o 
o ° <^  
P oo 
+ + + 
o o 
+ + + + + + + + 
o o 
o o 
Km 
Dry topsoil Ground level 
Some pebbles passing 
into yellow-grey sand 
Granitic rock 
Grey dry sand 
Granitic rock 
Grey sands 
passing 
Into 
sands 
and 
gravels 
Grey-yellow sands 
and gravels 
20-* 
SITE 3 
On 
LITHOLOGY 
VTTTTTA'* 
DESCRIPTION 
Topsoil 
Mud and gravels 
Cobbles 
(Format ion-
badly 
caving) 
Ground level 
5-1 
SITE 4 
Oi 
5H 
LITHOLOGY 
m 
DESCRIPTION 
Topsoil 
Mud 
Gravel 
and 
cobbles 
(Formation-
badly caving) 
Ground level 
--5<r 
SITE 6 
5H 
LITHOLOGY DESCRIPTION 
Topsoil 
Mud 
gravel 
pebbles 
and 
cobbles 
(Formation-
badly caving) 
Ground level 
10 J 
SITE 7 
On 
LITHOLOGY 
mzm^— 
DESCRIPTION 
10 H 
o % -
oo 
° s ° 
o o 
o I o, 
? OO 
OO 
OO 
,o o 
o O 
Topsoil 
Followed by dry sand, 
light-grey to yellow 
in colour 
Yellow-grey sand 
changing to a 
slight orange colour 
Yellow-grey sand 
with slight clay 
content 
Granitic boulder 7 
Pale grey clay 
Ground level 
Granitic material 
possibly bedrock 7 
15^ 
-7. 
SITE 9 
LITHOLOGY 
5H 
10-
15 
mm 
DESCRIPTION 
Topsoil 
Dry sandy material 
Granitic boulder 
Sand 
Ground level 
Granitic rock 
Yellow sand 
Yellow sandy material 
with some clay 
Yellow clay with some 
sand and grit 
SITE 10 
LITHOLOGY DESCRIPTION LITHOLOGY DESCRIPTION 
0-1 
5H 
(a) 
V77777A Topsoiland 
pebbles 
Yellow sand 
Yellow^sand with 
pink staining 
Yellow sandy 
clay 
10 i 
Topsoil and 
dry sandy 
material 
Yellow sand 
Yellow sandy 
clay 
Ground 
ievel 
Yellow sandy 
clay 
Yellow clay with 
sand and grits 
Possibly caving 
formation at base 
IB-" 
(a) and (b) are approximately 2 metres apart 
SITE 11 
LITHOLOGY 
10 i 
+ + 
DESCRIPTION 
Topsoil 
Granitic boulder 
Yellow sands with 
some clay 
Yellow sandy clay 
Ground level 
Yellow sandy clay 
with grits and 
gravel 
{Formation^ ^ 
badly caving) 
IB--
•10. 
SITE 12 
LITHOLOGY 
10 H 
DESCRIPTION 
Topsoil 
Rock fragments 
Grey-brown sand 
Ground level 
Grey-yellow sandy clay 
Yellow sandy clay 
Yellow sandy clay 
with some gravel 
(Formation - caving 
at base) 
IS-" 
SITE 13 
LITHOLOGY DESCRIPTION 
0-1 
5H 
10 
15 H 
7777777 
+ + 
Topsoil 
Brown sandy material 
Ground level 
Yellow sandy clay 
Granitic boulder 
Yellow 
clay 
with 
some 
sand 
and 
grits 
Granitic boulder 
20 
- '2; 
SITE 14 
0 -1 
LITHOLOGY DESCRIPTION 
(a) 
5 H 
10 H 
V77777i 
LITHOLOGY DESCRIPTION 
Topsoil 
Dry sandy 
material 
Yellow sand 
Clay concentration 
higher in sand 
Yellow-clay with 
some sand 
15-" 
Topsoil 
Dry brown 
sandy material 
Granite boulder 
Ground 
level 
Yellow sand 
passing down 
into reddish 
sandy material 
and yellow clay 
Yellow sandy clay 
Yellow clay with 
some sand 
(a) and (b) are approximately 2 metres apart 
'3, 
SITE 15 
LITHOLOGY DESCRIPTION 
TTTTTA 
5H 
10-
15^ 
Topsoil and brown 
sandy material 
Ground level 
Dry sandy material 
Clay nodules containing 
feldspar 
Soft yellow sand 
with some clay 
Yellow clay with 
some sand 
Taw Marsh - Borehole Logs 
No.l 356 m O.D. 
Depth Lithology Thickness 
0.30 m Surface s o i l 0.3 
1.52 Clay + powdered granite 1.22 
2.69 Sandy clay 1.07 
3.96 Stoney sand 1.37 
6.40 Sandy clay 2.44 
8.99 Gravel + small stones 2.59 
12.45 Coarse gravel 3.46 
12.8 Fine sandy gravel 0.35 
14.93 Granite boulder 2.13 
16.15 Coarse sands and stones 1.22 
17.83 Clayey gravel 1.68 
19.63 Running gravel + granite 1.80 
21.18 Fa i r l y hard granite 1.55 
23.01 Hard granite 1.83 
26.36 Hard granite 3.35 
27.88 Grey granite 1.52 
: No.lA 364.8 m O.D. 
Depth Lithology Thickness 
0.30 Turf 0.3 
1.52 Gravel + small boulders 1.22 
9.75 Gravel + large boulders 8.23 
13.56 Decomposed granite 3.81 
14.32 Red + grey rock granite 0.76 
17.98 Grey rock granite 3.66 
15a-
Borehole No.2 349.5 m O.D. 
Depth Llthology Thickness 
0.15 m Turf 0,15 
1.21 Boulders and s o i l 1.06 
2.74 Loamy gravel 2.74 
5.48 Grey sandy clay 1.83 
7.31 Brown sandy clay with layers 3.2 
of stones 
10-51 Brown sandy clay 0.46 
10.97 Dark granite boulder 6.17 
17.14 Coarse sand + stones 1.19 
18.33 Light red granite 1-12 
19.45 Hard l i g h t red sand 2.19 
21.64 Hard grey sand 0.40 
22.04 Grey granite 1.58 
23.62 Hard grey sand 5.48 
29.10 Grey granite 1.4 
30.50 Hard grey granite 
16. 
Borehole No.3 356-8 m O.D. 
Depth Hthology Thickness 
0,76 m S o i l 0.76 
1.82 Boulders, clay + granite 2.14 
3.96 Decomposed granite 1.22 
5.18 Brown sandy clay 6.25 
11.43 Brown sandy clay with layers 0.76 
of stones 
12.19 Coarse sand 7.92 
20.11 Gravel stones + sand 0.76 
20.87 Clayey sand 0.31 
21.18 Stones 2.13 
23.31 Grey sand 2.59 
25.90 Loamy yellow sand 0.92 
26.82 China clay, yellow + brown sand 1.83 
28.65 Clayey yellow sand 2.13 
30.78 Clayey dark brown g r i t t y sand 3.56 
34.34 Yellow + grey sand 1.16 
35.50 Soft rock 3.97 
39.47 Granite 1.67 
41.14 Hard brown granite 0.61 
41.75 Hard grey granite 
17a-
Borehole No.4 359.2 m O.D. 
Depth Lithology Thickness 
0.3 m Turf 0.3 m 
1.21 Dark sandy gravel 0.91 
3.50 Light sandy gravel 2.29 
3.96 Dark clayey gravel 0.46 
4.26 Granite boulder 0.30 
4.41 Brown gravel 0.15 
6.85 Crushed granite 2.44 
11.12 Grey/brown gravel 4.27 
13.56 Greyish/brown soft, gravel 2.44 
15.54 Crushed granite 1.98 
16.15 Grey gravel and layers of clay 0.61 
and granite 
23.77 Brown clayey gravel 7.62 
24.77 Hard d i s t o r t e d mottled gravel 1.14 
28.24 Hard grey sand with f i n e gravel 3.33 
32.22 Rock spar and granite 4.98 
- 18, 
Appendix 2 
Mean Daily R a i n f a l l 
Narrator Brook 1976-1979 
( t o , 
HEAN DAILY RAINFALL 1976 HEAD W E I R N A R R A T O R BROOK 
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Appendix 3 
Streamflow at Discharge Sites and Stations 
Narrator Brook 
Flow Duration Curve Tabulations 
Mean Daily Discharge 
Narrator Brook 
(St, Cutt) 1976-1979 
Discharge Data Spring 12/13 
Streamflow at Discharge Sites and Discharge Stations, 
Narrator Brook (m^ sec"^) 
Date St. 11 St. Cutt 
20/10/78 0.046 0.04 0.05 0.07 0.15 
7/12/78 0.156 0.091 0.082 0.064 0.21 
12/1 0.170 0.244 0.304 0.276 0.22 
13/2 0.33 0.42 0.44 0.39 0.31 
20/2 0.19 0.26 0.27 0.26 0.24 
27/2 0.19 0.218 0.217 0.218 0.24 
19/3 0.27 0.192 0.359 0.336 0.22 
9/A 0.17 0.189 0.233 0.209 0.22 
19/A 0.16 0.158 0.176 0.182 0.22 
24/4 0.18 0.240 0.247 0.201 0.23 
18/5 0.12 0.108 0.090 0.123 0.20 
25/5 0.13 0.123 0.098 0.135 0.20 
5/6 0.17 0.159 0.202 0.174 0.22 
20/6 0.13 0.128 0.175 0.137 0.20 
3/7 0.09 0.090 0.105 0.116 0.18 
10/7 0.07 0.075 0.113 0.096 0.17 
24/7 0.06 0.064 0.080 0.062 0.16 
31/7 0.20 0.102 0.145 0.173 0.24 
7/8 0.09 0.083 0.086 0.079 0.18 
14/8 0.45 0.216 0.447 0.322 0.38 
21/8 0.12 0.143 0.112 0.124 0.20 
4/9 0.10 0.103 0.093 0.147 0.19 
11/9 0.09 0.084 0.098 0.099 0.18 
25/9 0.09 0.070 0.115 0.107 0.18 
2/10 0.09 0.066 0.072 0.078 0.18 
9/10 0.09 0.076 0.083 0.106 0.18 
16/10 0.07 0.067 0.074 0.090 0.17 
6/11 0.19 0.157 0.213 0.256 0.24 
13/11 0.23 0.154 0.284 0.105 0.26 
20/11 0.22 0.134 0.272 0.249 0.25 
18/12 0.38 0.331 0.411 0.432 0.34 
22/1/80 0.15 0.266 0.246 0.286 0.21 
5/2 0.26 0.398 0.412 0.433 0.27 
Flow Duration Curve 1976 
Qm^/sec Number of days % of t o t a l % Exceeded 
with t h i s discharge 
0.61 - 0.63 - — 
0.58 - 0.60 - -
0.55 - 0.57 - -
0.52 - 0.54 - -
0.49 - 0.51 - -
0.46 - 0.48 - -
0.43 - 0.45 - -
0.40 - 0.42 2 0.54 0.54 
0.37 - 0.39 1 0.27 0.81 
0.34 - 0.36 5 1.36 2.17 
0.31 - 0.33 8 2.18 4.35 
0.28 - 0.30 11 3.00 7.35 
0.25 - 0.27 16 4.37 11.72 
0.22 - 0.24 32 8-74 20.46 
0.19 - 0.21 12 3.27 23.73 
0.16 - 0.18 13 3.55 27.28 
0.13 - 0.15 11 3.00 30.28 
0.10 - 0.12 26 7.10 37.38 
0.07 - 0.09 30 8.19 45.57 
0.04 - 0.06 58 15,84 61.41 
0.01 - 0.03 141 38.52 99.83 
TOTAL 366 a 
Flow Duration Curve 1977 
Qm^/sec Number of days % of t o t a l % Exceeded 
with t h i s discharge 
> 0.76 1 0.27 0.27 
0.73 - 0.75 1 0.27 0.54 
0.70 - 0.72 
0.67 - 0.69 
0.64 - 0.66 
0.61 - 0.63 1 0.27 0.81 
0.58 - 0.60 1 0.27 1.00 
0.55 - 0.57 1 0.27 1.35 
0.52 - 0.54 2 0.54 1.89 
0.49 - 0.51 
0.46 - 0.48 
0.43 - 0.45 3 0.82 2.71 
0.40 - 0.42 5 1.36 4.07 
0.37 - 0.39 6 1.64 5.71 
0.34 - 0.36 12 3.28 8.99 
0.31 - 0.33 6 1.64 10.63 
0.28 - 0.30 12 3.28 13.91 
0.25 - 0.27 17 4.65 18.56 
0.22 - 0.24 53 14.52 33.08 
0.19 - 0.21 40 10.95 44.03 
0.16 - 0.18 38 10.41 54.44 
0.13 - 0.15 34 9.31 63.75 
0.10 - 0.12 26 7.12 70.87 
0.07 - 0.09 50 13.69 84.56 
0.04 - 0.06 56 15.34 99.9 
0.01 — 0.03 
Total 365 
Flow Duration Curve 1978 
Qm^/sec Number of days % of t o t a l % Exceeded 
with t h i s discharge 
0.76 1 0.27 0.27 
0.73 - 0.75 
0.70 - 0.72 1 0.27 0.54 
0.67 - 0.69 1 0.27 0.81 
0.64 - 0.66 1 0.27 1.08 
0.61 - 0.63 1 0.27 1.35 
0.58 - 0.60 2 0.54 1.89 
0.55 - 0.57 1 0.27 2.16 
0.52 - 0.54 2 0.54 2.7 
0.49 - 0.51 3 0.81 3.51 
0.46 - 0.48 4 1.09 4.6 
0.43 - 0.45 4 1.09 5.69 
0.40 - 0.42 5 1.36 7.05 
0.37 - 0.39 6 1.63 8.68 
0.34 - 0.36 6 1.63 10.31 
0.31 - 0.33 10 2.73 13.04 
0.28 - 0.30 9 2.45 15.49 
0.25 - 0.27 18 4.91 20.4 
0.22 - 0.24 21 5.73 26.13 
0.19 - 0.21 30 8.19 34.32 
0.16 - 0.18 17 4.64 38.96 
0.13 - 0.15 23 6.28 45.24 
0.10 - 0.12 20 5.46 50.7 
0.07 - 0.09 64 17.48 68.18 
0.04 - 0.06 116 31.69 99.87 
0.01 — 0.03 
Total 366 
Flow Duration Curve 1979 
Qm^/sec Number of days 
with t h i s discharge 
of t o t a l % Exceeded 
> 0.76 4 1.09 1.09 
0.73 - 0.75 1 0.27 1.36 
0.70 - 0.72 1 0.27 1.63 
0.67 - 0.69 
0.64 - 0.66 1 0.27 1.9 
0.61 - 0.63 1 0.27 2.17 
0.58 - 0.60 0.81 2.98 
0.55 - 0.57 1 0.27 3.25 
0.52 - 0.54 1 0.27 3.52 
0.49 - 0.51 1 0.27 3.79 
0.46 - 0.48 3 0.81 4.6 
0.43 - 0.45 4 1.09 5.69 
0.40 - 0.42 3 0.81 6.5 
0.37 - 0.39 3 0.81 7.31 
0.34 - 0.36 6 1.63 8.94 
0.31 - 0.33 14 3.82 12.76 
0.28 - 0.30 14 3.82 16.58 
0.25 - 0.27 22 6.01 22.59 
0.22 - 0.24 38 10.38 32.97 
0.19 - 0.21 32 8.74 41.71 
0.16 - 0.18 47 12.84 54.55 
0.13 - 0.15 38 10.38 64.93 
0.10 - 0.12 47 12.84 77.77 
0.07 - 0.09 64 17.48 95.25 
0.04 - 0.06 17 4.64 99.09 
0.01 - 0.03 
Total 366 
Flow Duration Curve Tabulations Narrator Brook St. Cutt 
1976-1979 
Qm^/sec Number of days % of t o t a l % Exceeded 
with t h i s discharge 
> 0.76 4 0.27 0.27 
0.73 - 0.75 0 - -
0.70 - 0.72 1 0.06 0.33 
0.67 - 0.69 0 - -
0.64 - 0.66 1 0.06 0.39 
0.61 - 0.63 1 0.06 0.45 
0.58 - 0.60 2 0.13 0.58 
0.55 - 0.57 2 0.13 0.71 
0.52 - 0.54 4 0.27 0.98 
0.49 - 0.51 6 0.41 1.39 
0.46 - 0.48 10 0.68 2.07 
0.43 - 0.45 5 0.34 2.41 
0.40 - 0.42 10 0.68 3.09 
0.37 - 0.39 33 2.25 5.34 
0.34 0.36 30 2.05 7.39 
0.31 - 0.33 54 3.69 11.08 
0.28 - 0.30 98 6.69 17.77 
0.25 - 0.27 182 12.33 30.21 
0.22 - 0.24 166 11.34 41.55 
0.19 - 0.21 214 14.62 56.17 
0.16 - 0.18 267 18.25 74.42 
0.13 - 0.15 357 24.40 98.82 
0.10 — 0.12 16 
Total 1463 
1.09 99.91 
Flou Duration Curves Narrator Brook St. 11 
1976- •1979 
Qm^/sec Number of days % of t o t a l % Exceec 
with t h i s discharge 
>0.76 6 0.41 0.41 
0.73 - 0.75 2 0.13 0.54 
0.70 - 0.72 2 0.13 0.67 
0.67 - 0.69 1 0.06 0.73 
0.64 - 0.66 2 0.13 0.86 
0.61 - 0.63 3 0.20 1.06 
0.58 - 0.60 6 0.41 1.47 
0.55 - 0.57 3 0.20 1.67 
0.52 - 0.54 5 0.34 2.01 
0.49 - 0.51 4 0.27 2.28 
0.46 - 0.48 7 0.47 2.75 
0.43 - 0.45 11 0.75 3.5 
0.40 - 0.42 15 1.02 4.52 
0.37 - 0.39 16 1.09 5.61 
0.34 - 0.36 29 1.98 7.59 
0.31 - 0.33 38 2.59 10.18 
0.28 - 0.30 46 3.14 13.32 
0.25 - 0.27 73 4.98 18.3 
0.22 - 0.24 144 9.84 28.14 
0.19 - 0.21 114 7.79 35.93 
0.16 - 0.18 115 7.86 43.79 
0.13 - 0.15 106 7.24 51.03 
0.10 - 0.12 119 8.13 59.16 
0.07 - 0.09 208 14.21 73.37 
0.04 - 0.06 247 16.88 90.25 
0.01 - 0.03 141 9.63 99.88 
Total 1463 
h E A N D A I L Y D I S C H A R G E : 1 9 ' 
N A R R A T O R B R O O K 
UJ 
(J 
:3 
o 
a: I 
SFP NCV DEC 
I 
\ 
n E A N D A I L Y D I S C H A R G E 1 9 7 7 
N A R R A T O R B R 0 2 : < 
MEAN D A l u r D I S C H A R G E 1 9 / ( ! 
N A R R A T O R B R D D K 
M E A N D A I L Y O I S C M A R G E : 1 9 7 9 
N A R R A T O R B R O C K 
( L i t r e s sec~^) 
Date Q 
5/3/79 224.9 
12/3 -
19/3 284.7 
26/3 317.7 
9/4 -
23/4 -
30/4 93.2 
7/5 63.7 
14/5 93.2 
21/5 93.2 
28/5 93.2 
4/6 173.4 
11/6 173.4 
18/6 150.5 
25/6 93.2 
2/7 63.7 
9/7 110.5 
16/7 40.6 
23/7 0.3 
30/7 0.3 
6/8 0.15 
13/8 0.20 
20/8 110.5 
3/9 51.4 
10/9 40.6 
17/9 51.4 
24/9 0.30 
1/10 0.30 
8/10 51.4 
15/10 0.30 
22/10 0.30 
29/10 51.4 
5/11 110.5 
12/11 224.9 
19/11 224.9 
26/11 224.9 
3/12 173.4 
10/12 224.9 
17/12 430.2 
24/12 352.9 
31/12 430.2 
7/1/80 352.9 
14/1 284.7 
21/1 224.9 
28/1 173.4 
4/2 253.7 
11/2 430.2 
18/2 317.7 
25/2 253.7 
Appendix 4 
Analysis of Variance Tables to test 
the significance of the Regressions 
chosen by the Step-Wise Regression 
Procedure 
ANOVA (8 v a r i a b l e s ) Narrator Brook 
C r i t i c a l F value at 0.01 s i g n i f i c a n c e l e v e l from 
s t a t i s t i c a l Tables = 3.12 
Source of 
Variation 
Degrees of 
Freedom 
Sum of 
Squares 
Mean 
Square 
Calculated 
F-value 
Decision 
Well 1 
Regression 
Residual 
7 
39 
0.0202 
0.0118 
0.00288 
0.000302 
9.53 Reject Ho. 
(Regression 
i s s i g n i f i -
cant) 
Well 2 
Regression 
Residual 
7 
39 
0,0974 
0.948 
0.0139 
0.0243 
0.572 Accept Ho. 
(Regression 
I s not 
s i g n i f i c a n t ) 
Well 3 
Regression 
Residual 
7 
39 
2.6516 
2.8112 
0.3788 
0.0720 
5.255 Reject Ho. 
(Regression 
i s s i g n i f i -
cant) 
Well 4 
Regression 
Residual 
7 
39 
0.068 
0.029 
0.009 
0.0007 
13.13 Reject Ho-
Well 6 
Regression 
Residual 
7 
39 
0.8061 
0.2711 
0.115 
0.0069 
16.56 Reject Ho. 
Well 7 
Regression 
Residual 
7 
39 
0.4141 
0.8268 
0.0591 
0.0212 
2.790 Accept Ho-
(Regresslon 
i s not 
s i g n i f i c a n t ) 
Well 9 
Regression 
Residual 
7 
39 
0.8753 
0.9306 
0.1250 
0.0251 
4.971 Reject Ho. 
Well 10 
Regression 
Residual 
7 
39 
0.0702 
0.0293 
0.0100 
0.0007 
13.348 Reject Ho. 
38< 
ANOVA (continued) 
Source of 
Variation 
Degrees of 
Freedom 
Sum of 
Squares 
Mean 
Square 
Calculated 
F-value 
Decision 
Well 11 
Regression 
Residual 
7 
39 
1.1102 
0.8893 
0.1586 
0.0228 
6.95 Reject Ho. 
Well 12 
Regression 
Residual 
7 
39 
0.6892 
0.5457 
0.0984 
0.0139 
7.036 Reject Ho. 
Well 13 
Regression 
Residual 
7 
39 
0.1035 
0.0161 
0.0147 
0.0004 
35.81 Reject Ho. 
Well 14 
Regression 
Residual 
7 
39 
0.1781 
0.0805 
0.0254 
0.0020 
12.32 Reject Ho. 
Well 15 
Regression 
Residual 
7 
39 
0.6158 
0.3133 
0.0879 
0.0080 
10.95 Reject Ho. 
